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{3 This final report is submitted in accordance with the require~
! ments of NASA-GSFC, Contract io. NAS8-30889. The report includes:

L; Volume I - Evaluation of Alternate Telescope Pointing Schemes

?T Volume II - Suspended Pallet Pointing Performance Study
i

Volume III - Retention/Suspension Systems, Pallet Common Medule
Configuration Study
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1, INTRODUCTION

1.1 General -~ With the maturation of the space shuttle concept |
using a reusable launch vehicle for earth orbital missions, two diver-
gent modes of operation have been defined. One mode involves the use
of the shuttle as a logistics vehicle placing free flying experiment
packages in orbit and replacing, repairing or servicing existing
packages., In addition it will perform a crucial role as a manned

e i experiment base, remaining in earth orbit from 7 to 30 days perform-

- S

B R S I T I

ing various experiments with equipment mounted in the payload bay. ~

Current assessments of the experiments proposed for operation
in low earth orbit in conjunction with a manned vehilcle indicate
that nearly 45 percent of the payloads require pointing accuracy
greater than that afforded by the orbiter capability using the Reac- i
tion Control System (RCS) and 39 percent have requirements exceeding |
the capabilities of the orbiter under the direct control of Contrcl
Moment Gyroscopes (CMGs). One concept under study to meet these 3
higher accuracy pointing requirements is to mount the experiment .
packages to a pallet structure which in turn is attached to thz or=- j
biter through a suspension system which isolates the pallet irom the

disturbances arising in the orbiter occurring during periods of in-
strument operation,

T R R s Ty i e

S A AR T T T TR T TR TR

S TR TR Lt T

The study described in this report invelves the definition and
evaluation of the pallet suspension system, a compatible pallet re-
tention system and a pallet common module configuration. The latter
includes the installation of Control Moment Gyroscopes (CMGs), an

e experiment universal base mount and the definition of experiment ,
i erection motions and tolerances. 3

B el T S

g

- 1.2 Study Objectives - The objectives of the study were the
following:

a. Selection of a suspension system and definition of the
isolator that best satisfies the overall mission requirements,

b. Definition of a retention system that minimizes struc=~ !
- tural modifications to existing pallet designs and that best
A | satisfies the overall mission requirements.
— . o

Rt o
T g e - 2

€. Definition of a pallet common module that will be used
for various missions.

d. Installation of the CMGs on the pallet common module.
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¢. Development of an approach to install the experiment uni-
versal base mount on the pallet common module and definition
of the motlons and tolerances of the experiment erection,

All of the above objectives were met during the course of the study,

1.3 Method of Approach and Principal Assumptions - The approach
followed in this study throughout was to make use of state-of-the-art
technology. A primary consideration in the selection of the guspen=
sion system and definition of the isolator was the availability of
mathematical design data in order to obtain a cost effective system,
Likewise the definition of a retention system minimizes structural
modifications to existing pallet designs.

The orbiter as defined in mid-1974 along with pallet designs
of the latter part of 1974 were the configurations used.

l.4 Suggested Additional Effort - The following additional
investigations affecting the floated pallet common module are
suggested:

a. Review the instruments and payload experiment combinations
which are candidates for the floated pallet to determine center
of mass envelopes as they affect the suspension system,

b, Investigate the relative motions of the pallet/orbiter

mounting points as they affect the suspension system and the
retention system.

1-2




T e T : e T ) :
e A e -

-
e

I S . s b 2 Ll g
+
.

2. SUMMARY

Tha floated pallet definition study consisted of three related
but separate studies. The first was an evaluation of alternate
pointing systems for orbiter experimental instrumentation, the re=-
sults of which are presented in volume I of this final report. The
second was the pallet pointing performance study treated in volume
ITI. The third was a hardware conceptual design study including pal-
let suspension ang retention systems, experiment erection, CMG
mounting, etc,, with results pPresented in this volume of the final
report. Figure 2-1 is a diagram of the logical flow of activity
during the performance of the retention/suspension systems, pallet
common module configuration study.

The basic requirements under which this study was performed are
shown as block 0 on the diagram. The contract Statement of work de~
fines all tasks and schedules. Input data for the study included
baseline shuttle data, particularly payload interface information
required for pallet mounting and mass properties. Pallet data in-
cluded mass properties, structural and dimensional data and typical
¥periment layouts. The mission requirements applicable to thig

study included the suspension system performance and the retention
system constraints,

The study was initiated with block 1, the pallet suspension sys~
tem study, The suspension system performance requirements were ap-
pPlied to various configurations with results given in section 4,

Next the retention 8ystem constraints study, shown as block 2, were
applied to existing pallet designs with results given in section 5,
The impact of the suspension system and the retention syustem to the

existing paliet design, shown as blocks 5 and 6, was defined with
results given in section 8.

In parallel with the suspension system and the retention sys-
tem studies a CMC support equipment configuration study, shown in
block 3, and an experiment mount and srection study, shown in block
4, were performed. The CMG support equipment configuration study
was also performed in parallel with the control system study pre-
sented in volume II. Results of the CMG support equipment con-
figuration study are given in section 6 and results of the experi-
ment mount and erection study are given in section 7.

2-1
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3.  VEHICLE DESCRIPTION

3.1 Space Shuttle System Description = There are three main
components which comprise the space shuttle flight gystem; the
orbiter, an external tank containing the ascent Propellants to be
used by the orbiter main engines, and two Solid Rocket Boosters
(SRBs). The space shuttle flight system is shown in figure 3-1,
The SRBs and the orbiter main engines fire in parallel, providing
thrust for lift-off. The SRBs are jettisoned when the fuel is
exhausted and the orbiter main engines continue firing until the
vehicle reaches the desired suborbital conditions where the external
tank is jettisoned, At this time the Orbital Maneuvering Subsystem
(OM8) is fired to place the orbiter in the desired orbit,

The orbiter portion shown in figure 3~1 is a reusable vehicle
which delivers and retrieves payloads, conducts orbital operations,
and returns to a land base in a manner similar to tlLat of an air-
craft. Typical orbital missions are designed for operations of up
te 7 days, However, orbiter design does not preclude nissions of
up to 30 days,

3.2 Orbiter/Pallet Sys-em - Payloads are carried by the orbiter
in the payload bay (figure 3-1), The payload used for this study is
a floated pallet which ig connected to the orbiter through vibration
isolators., The orbiter and payload are considered to be rigid bodies
Figure 3-2 is an overall view of the orbiter/pallet combined configu~
ration,

Each isolator suspension point is assumed tg exhibit linear
compliance, viscous damping and friction along each axis with no
rotaticnal effects or cross-coupling. The design goal of the suspen-
dion 1s to have uncoupled rotational and translational isolation with
equal natural frequencies.

Mass properties of the orbiter/pallet configu~ation are given
in table 3-1. A1l center-of-mass locations are given referenced to
an Inertial (I) coordinate system, which has its crigin located at
the nose of the external tank, Figure 3-3 shows the location of
the orbiter with respect to the I coordinate system. As shown, the
centerline of the payload bay is 400 inches above the inertial axis,

3.2.1 Orbiter - Once the orbiter has reached the desired orbit,
attitude control is maintained by the Reaction Control System (RCs)
or by some control mechanism which has been placed in the payload
bay. Through use of the RCS system, the orbiter is capable of
achieving and maintaining any attitude to a certain degree of accu~
racy. If more accurate pointing is required for a particular ex~
periment, then pointing capability must be included within the
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Table 3-1. Orbiter/Pallet Vehicle Mags Properties

Mass = 82,430 kg

Center-of-Mass wrt I Coo
(27.97,0.0027,9.54) mete

2
Ixx=l,010,359 kg-m
I _=7,400,759 kg—m2

yy
I,,=7,614,979 kg-n’

rdinate System
rs

2
Ixy -9,491 kg-m

2
Ixz=266,419 kg=-m

2
Iyz -3,118 kg-m

3~4
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experiment, or the entire payload pallet may be accurately stab-
ilized. The method chosen to increase pointing capability for

the present study is to control the pointing of the pallet via
the use of a CMC cluster.,

¥
Mass properties for the orbiter are defined with respect to :
the orbiter center of mass and are given in table 3-2. ;
3.2.2 Pallet - Fxperiment equipment will be mounted on the 5
pallet. When performing experiments, it is undesirable to allow
the orbiter RCS system to fire, Therefore, the pallet will be
Lo Controlled by the CMG cluster which provides pallet pointing to
: }‘ within one 8eé. Since the orbiter will also be controlled by the

CMGs via the isolators, the RCS deadband should not be exceeded
and no firlngs should occur.

R e g L T T A D R

Bt bt

' The pallet will consist of mechanically coupled segments
attached to the orbiter through the isolators. There will be a

o Sseparate retention system which will support the pallet during

o launch and descent, Once in orbit, the retention system will
be disengaged and the pallet will float on the isolators.

Eh e e S

Figure 3-4 is a pictorial diagram of the pallet.

e g

Mass properties for the pallet are defined in table 3-3 with
respect to the pallet center of mass.
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Table 3-2. Orbiter Mass Properties

Mass=71,452 kg

Center-of-Mass wrt I Coordinate System
(28.24,0.005,9.46) meters

- 2 T —] 2
was_986’497 kg=m Ixys 8,135 kg~m

- 2 - n
Iyys-7,219,756 kp-m Ixzs—256,250 kg-m
I,.~738,652 kg-m Lo ,a=42067 kg-m

Tabtle 3-3. Pallet Mass Properties

Mass=10,974 kg

Center-of-Mass wrt I Coordinate System
(26.22,0.01,10.06) meters

Lxp=21,292 kg-m Lyp=—991 ke-m

- m? - em?
Ioyp~138,839 kg-m Tizp=—1>231 kg-m

2 2
Izzp 135,444 kg-m Iyzp 903 kg-m
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4, PALLET SUSPENSION SYSTEM

4.1 General - This section specifically deals with the number

and type of isolators required and their location relative to the
pallet center of mass,

4.2 Summary - Single point, two point, three point, and four
point suspension systems were analyzed to determine if the systems
could achieve the design goal of 0.1 Hz natural frequency in all
axes for both rotation and translation, Wire rope helical springs,
elastomeric isolators, solid wire helical or cantilever springs,
and gas filled bellows were analyzed to determine if these configu-
rations could achieve the design goal of the suspension system,

The four point suspension system utilizing gas filled bellows was
selected as the suspension system which most nearly meets the design
objectives. None of the suspension systems can exactly meet the
primary design objective of equal natural frequencies in all axes,

4.3 Discussion

4.3.1 Design Objectives - The suspension system shall be locked
out during launch and descent of the orbiter, i.,e., the suspension
system shall allow the pallet retention system to support the pallet
during launch and descent. The suspension system shall be active
during mission data acquisition and while the pallet retention sys-
tem is disengaged. The suspension system shall provide the following

performance characteristics during mission data acquisition in accor-
dance with reference 1,

Natural Frequency 0.1 Hz in all axes
Damping 10Z of critical

The suspension system shall be compatible with the control sys=-
tem in accordance with volume II. The configuration and location
of the suspension system shall not restrict experiment arrangements
within the payload volume of the pallet, The suspension system shall

be stable through the temperature range from -60° C to +70° C without
a thermal control system.

4.3.2 1Isolator Attachment Repiocn ~ The isolator attachment
region as shown in figure 4-1 was derived from reference 2. Ref-
erence 2 gpecifies permissible pallet retention loads in specified
directions only, i.,e., Y axis loads at the lower centarline {axis
1 of figure 4=1) and X and Z axes loads at the longerons (axes 2
of figure {-1), However, these permissible pallet retention loads
are extremely high compared to the anticipated loading through the

4-1
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suspension system, Therefore it is assumed that a suspension systen
can be mounted adjacent to the outer surfaces of the pallet and the
inner surfaces of the orbiter as shown in figure 4-1., Algo it ig
assumed that the loading through the suspension system can be re-
acted by the orbiter in any direction. These assumptions allow the
suspension system to be independent of the pallet retention system,

4.3.3 System Geometry Study ~ The suspension system geometry
study performs analyses on thege systems:

4,3.4 Single Point Suspension

4.3.5 Two Point Suspension

4.3.6 Three Point Suspension

4,3.7 Four Point Suspension -

Systems with more than four point Suspension were not considered
since no rationale could be found for these levels of systems.
Wire rope helical springs, elastomeric isolators, solid wire
helical springs, gas filled bellows, and cantilever springs were
analyzed to determine 1if these configurations could achieve the
design objectives.

One design objective of the Suspension system is that the natu=~
ral frequencies of the system shall be the same in all s8ix degrees
of freedom. To achieve this, the system must be decoupled, i.e.,
motion in any one axis must not induce motion in any one of the
other five axes, For a decoupled system, the point of convergence
of the suspension system's lines of action, the elastic center,

the mounting geometry are therefore that the system be decoupled and
that the isclators be Properly spaced. In conducting the geonetry
study, certain systems could not meet thege two criteris, The iso-
lator spring constants and spacing were then selected to give the
best conformance to the design objectives, i.e., 0.1 Hz natural
frequency and degree of approach towards equality of natural fre-
quencies, for each degree of freedom.

In the analyses, the orbiter/pallet system has been simplified
to a spring mass system where the pallet is the suspended rigid
mass and the orbiter is the fixed rigid base. Thig approach is
reasonable for the purposes of this study based on the fact that
the weight of the orbiter is much larger than the pallet weight,
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In the analysges,
equations of motion wi
center of mass.
(.1 of critical)
to the undamped n
thie analyses,

impedance concepts are used to determine the
th the coordinate system about the pallet
Additionally, since the level of damping is low
the damped natural frequency is very nearly equal P
atural frequency and 1s assumed to he equal in
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4.3.4 Single Point Suspension

4.3,4.1 Single Point Containing the Center of Mass - A direct
approach to :zchieve a decoupled suspension system is to place a
single point system at the pallet center of mass,

nearly on the pallet centerline within the experime
of the pallet, Although structure could be configured to support tha

system, the design objective of not restricting experiment positioning
cannot be achieved.

4.3,4,2 Single Point Offset Below the Pallet - This approach
positions a single point System between the pallet and the orbiter
below the pallet center of mass as shown in figure 4-2, This system
will have coupling of the X translation and Y rotation modes and
also the Y translation and X rotation modes. Coupling will result

in rocking (translation Plus rotation) natural frequencies about
the X and Y axes. The equations of motion are:

2, . o
ZF, M X+ (L8 )K_<E! |
2 :
- 0. +K_ 8 =(X-L 0 )AK =0
My Tyyt Oyt Oy (-1, 0 ) aK
2
- Y- K =
IF, m" (-1, 8 )K =0
2 .
oM, L O 8, = (11 B )AK =0 ,:1:
SF -mw?z4zK_=0
2z z .
M ~I_ w26 4K 8 =0
-4 22z Z rz z

Determinants are used to solve the simultaneous equations for dis- :
Placement and rotation. The natural frequencies are those frequencies

which make the denominators equal to zero. Since the Z axis trans- :
lational and rotational motions are decoupled, solution of the Fz '

and Mz equations yields:

-
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Figure 4-2, Single Point Offset Below the Pallet -
Sign Convention for Forces and Moments
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for Z translation and:

. K _]1/2 ;
gf “ez|T | :

{j for Z rotation, To simplify the =olution of the Fx and M _ equations, B
g divide the Fx equation by Kz and the M& equation by Kzni, where Ri
is the radius of gyration, and substitute 22/m=w:. The result will

be the rocking natural frequencies expressed as a ratio to the Z
axis natural frequency

o
S

Tt L e e .

L2K K

o e R sl T R &2
E !! z szy Ry - z z KzRy
E “ 2 2 ’
g L For a decoupled system K /K =R and K =K_; therefore let K /K =R
F Ly ¥y ¥ Yy x y x ¥y
: - and the equation becomes:

: 2,2

L™42R" K K

- 2, ., x.2

j ELQ4_Q_E__J§ =Xy (@) % () ap

0] g“z R; (Kz wz QKZ

A design objective is to obtain equal frequencies, therefore the
equation can be used to obtain K,x when w/mz=1. The equation will

! also yield a second w.

‘ - The same approach to the solution of the Fy and M& equations
f yields:

Pl L2+2r? K
i 2
. ($—z> "-(—sz—") D EH% D0
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The data are listed in table 4-1.

4.3.4.3 Single Point Offset at the End of the Pallet - This
approach is to position a single point system at one end of the
pallet with one axis in line with the center of mass. Thig gystem
will have coupling of the Y translation and Z rotation modes and
also the Z translation and Y rotation modes. Coupling will result
in rocking (translation plus rotation) natural frequencies about
the Y and Z axes, A large structure would be required at the end
of the pallet and thus the design objective of not restricting
experiment positioning cannot be achieved,

4.3.5 Two Point Suspension Containing the Center of Mass

4.3.5.1 Two Points at the Sides of the Pallet ~ This approach
is to position the axis of two isolators in line with the center of
mass and each isolator onthe sides of the pallet as shown in figure
4~3. This system is decoupled. To achieve equal natural frequencies
the isolators must have equal spring constants and the distance 2L

between the isolators for a particular axis must be equal to twice
the radius of gyration for that axis.

The equations of motion are:

ZF -mw2X+2K X=F"!
X X Tx
2 2
EMx -Ixxm ex+2KzLyex 0
LF - 2Y+2K =
y m yY 0
M -1 w29 +K_ 8 =0
y ¥y Yy ryvy
LF -mwzz=2K Z=0
z z
2 2
EMZ -Izzw Bz+2KxLy8 0

Solution of the Fx and ﬂx equations yields:

2K_1/2
w = —&
X m
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Table 4-1, Single Point Suspension Offset Below the Pallet
Natural Frequencies and Spring Constants
TRANSLATIONAL ROTATIOMAL AXTAL ROTATIONAL
AXIS NATURAL NATURAL SPRING SPRING
FREQUENCY FREQUENCY CONSTANT CONSTANT
Hz Hz N/m N~m/rad
X 0.20,0.05 0.10,0.02 2,296 1,849
Y 0.10,0.02 0.10,0.05 953 29,048
Z 0.10 0.10 4,332 53,471
4=8
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Figure 4-3. Two Point Suspension at the Sides of the Pallet ~

Sign Convention for Forces and Moments
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for X translation and

2
2K L7)1/2
° =[ ) J /
rx I

XX

for X rotation, Solution of the Fy and M& equations yields:

[2K Jllz
© =Y
y .m

for Y translation and

. =§Kr ]1/2
Cyy

for Y rotation, Solution of the Fz and Mz equations yields:

F2K 11/2

W= —

[

(&
.-
B
.

for Z translatien and

for Z rotation,

For equal natural frequencies the requirements of Ly are eval-

uated. Using W, and W., equations and solve for Ly yields:

I, ,11/2 1/2
| zz -1135,444 _
Ly-[—“m J [“m—"m w331 m

Using w, and W., €quations and solve for Ly yields:

rI._11/2 1/2
L =[_._x§.J =:£'.Lg£ =1,39 m
y m 110,974

The spacing of 3.51 m exceeds the allowable space berween the pal-
let and the orbiter. The spacing of 1.39 m w

ould place the igo~
lators within the experiment payload section and the design ob-
jective of not restricting experiment positioning cannot be
achleved,

4-10
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Using Ly=2.28 m results in at least two of the natural fre-

quencles not equal to the remaining four, Selection of equal trans-
lational natural frequencies results in unequal X and Z axes rota-
tional natural frequencies. Selection of equal rotational natural
frequencies results in unequal X and Z axes translational natural

frequencies. The data of these two alternate selections are shown
in table 4-2,

Other combinations are possible by varying the spring constants.
However, it appears more reasonable to configure the system for equal

rotational natural frequencies or equal translational natural frequen-
cies.

4.3.5.2 Two Points At the Ends of the Pallet - This approach
positions the axis of two isolators in line with the center of mass
and each isolator on the ends of the pallet as shown in figure 4-4,
The same analysis is used for the end-mounted system as that used
for the side-mounted system (section 4.3.5.1).

The equations of motion are:

IF ~mw XK X=F"
X x X
M -I_w% 4K 9 =0
X XX xX rYrx x
LF - 25z+2 =
y i KyY 0
2 2
M -1 w0 +28 1% =
¥ yy? OyteK,L,0,=0
2
ZF_ “BwZ+K_2=0
M ~1__w?8 +2x 1% =g
z zz 'z Tyxz

Using Lx=4.5? m results in at least two of the natural frequen-

cies not equal to the remaining four. In the analysis, the transla-
tional natural frequencies were made identical and then the rota-
tional frequencies made identical; it was not possible to have all
the frequencies identical. As previously, it was assumed that the

X axis rotational and translational frequencies could be made equal
since they are independent of the other isolator spring constants.
The data are shown in table 4~3, As indicated, very good agreement
exists between all three axes rotational and translational natural

4-11
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4-2, Two Point Suspension At the Sides of the Pallet
Natural Frequencies and Spring Constants

TRANSLATIONAL

ROTATIONAL AXIAL ROTATIONAL

AXIS NATURAL NATURAL SPRING SPRING

FREQUENCY FREQUENCY CONSTANT CONSTANT

Hz Hz N/m N-m/rad

X 0.10 0.17 2,166 ~
Y 0.10 Q.10 2,166 54,811
A 0.10 0.06 2,166 -
X 0.15 0.10 5,143 -
Y 0.10 0.10 2,166 54,811
z 0.06 0.10 808 -
»
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Table 4-3. Two Point Suspension At the Ends of the Pallet
Natural Frequencies and Spring Constants
TRANSLATIONAL ROTATIONAL AXIAL ROTATIONAL
AXIS NATURAL NATURAL SPRING SPRING
FREQUENCY FREQUENCY CONSTANT CONSTANT
Hz Hz N/m N=m/rad
X ¢.10 0.10 2,166 13,378
Z 0.10 0.13 2,166 -
X .10 0.10 2,166 13,378
Y 0.08 0.10 1,280 -
Z 0.08 0.10 1,312 -
4=14
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frequencies; however, large structure would be required at both ends
of the pallet and thus the design objective of not restricting ex-
periment positioning cannot be achieved,

4.3.6 Three Point Suspension Containing the Center of Mass

4.3.6.1 Three Points on a YZ Plane - This approach positions
three isolators in a YZ plane containing the center of mass as shown
in figure 4-5, The two in line isolators each have spring constants
Kx’Ky’Kz while the single isolator has spring constants K

lx'Kly and

rotation is resisted by axial deflection of the isolators. The
equations of motion are:

2
EFX ~Xmw +X[2KX+K1x]—By(2KxL -K

=%
z lelz) Fx

2 =
ZFy ~Ymw +Y[2Ky+Kly] Gx(—ZKyLz+K1yle)—0

2 -
IF, —Zow +Z[2K ]=0

]

2 2., .2 _
ZM# Bx(-Ixxw +2KzL +2KyLz+K1yle)-Y(ZKyLz-Klyle) 0

N

2 2 -
N, By(-Iyym +2K Lo+K LT )-X( K L +K, L )=0

<]

2 2,
M, 6,(-I,,w +2KxLy)—0

Decoupling of the system can be achieved by the spring constant
relationships:

ZKxLz-lele=0

-2K L +K
z

0
y

1yi1z"

Solution of the decoupled equations of motion yields:

Y zxx(Lz+le)'1/2
L,

z i
for X translation,

w=

y L |

-/ u

[ZK (Lz+le)'l/2

4~15
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for Y translation,

=i2Kz 1/2

z m
for 7 translation,
K (L2, L y+2x L2]1/2
W = y 'z lz"z zZ Yy
X I
XX

for X rotation,

2 -
=(Kx(Lz+Llez) 11/2

a—

wry
- ¥y Y

for Y rotation and,

& 1.271/2
w = __E_l]
Tz I
2z

for Z rotation.

Clearly the wx, wry’ and wrz equations are dependent upon only
one spring constant, Kx. Therefore equal translational natural fre-

quencies can be selected and the rotational natural frequencies can
be determined. The data are listed in table 4-4, As indicated by
the data, the system is very soft in Y and Z axes rotation, A

second analysis based on Z axis rotation equal to 0,10 Hz is in-
cj.uded .

4.3.6.2 Three Points on a Skewed Plane — This approach posi-
tions three isolators in a skewed plane containing the center of
mass as shown in figure 4=6. The two inline isolators are parallel
to the Y axis and each have spring constants Kx,Ky,Kz, while the sin-

gle isolator has spring constants K ’Kly’Klz and rotation is resisted
by axial deflection of the isolators. The equations of motion are:

2 - _ gt
z'.F:»c ~ Ko +x(2Kx+le) ey(ZKxLz lele) Fx

2 =
ZFy =Y +Y(2Ky+K1y)—Bx(-ZKyLz+Klyle) ez(zxny Klyle) 0

2 =
IF,  -2aw2(2K #K) )-6 (XK L K L )=0

4-17
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Table 4-4. Three Point Suspension on a YZ Plane
Natural Frequencies and Spring Constants
TRANSLATTONAL ROTATTONAL IN LINE ISOLATORS SINGLE ISOLATOR
AXT" NATURAL NATURAL AXTAL AXTIAT,
’ FREQUENCY FREQUENCY SPRING CONSTANT SPRING CONSTANT
lz Hz N/m N/m
)4 0.10 0.11 364 147
v 0.10 0.01 364 147
Z 0.10 0.03 2,166 -
X 0.17 0.11 5,143 2,075
¥ 0.10 0.05 364 147
Z 0.10 0.10 2,166 -
4-18
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lylele)

+Y(2KyLz—K1yle) =0

2 2 2 2 2
ZMy Gy(—Iyyw +2KxLz+K1xle+2KzLx+K1lex) X(ZK,xLz lele)
+z(2KzLx-Kllex)=0
2,0 (-1 w2k L2+2k 124k, 12 )-8 (W L L 4K, L. L. )
zZ z- Tzz Xy ¥yx 1lylx’ x 7y xz 1y lx 1z
| , -Y(ZKyux-Klyle) =0

Partial decoupling of the system can be achieved by the spring
constant relationships:

ZKkLz—le lz=0

b 2KyLz-Klyle=0

¥ ZKny-Klyleao

ZKth—K12L1x=O

Also to maintain the center of mass in the plane of the isolators
the spacing relationships are:

Eﬁ ) le _ Lx+le
'3 Lz le Lz+le

Determinints are used to solve the simultaneous equations for dis~
placemen: and rotation., The natural frequencies are those frequen~
cies which make the denominator equal to zero. Solution of the Fx

and My equations yields:

.E . _[%Kx(Lz+le)]1/2
e x lez
; for X translation and
i
4=20
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2L_ (L + 2 w12 y1?
w = z(Lz le)(Kxle Klex)
ry 2

12Ty

for Y rotation,
Solution of the Fy and Fx equations yields:
[21( (Lz+le)]1/2
W = ——E;ET————-—
y 1z 1

for Y translation and

mL

. FKZ (LZ+L12)J 1/2
1=z

for Z translation.

Since the translational natural frequencies can be made equal,
the axial spring constants will be equal. To simplify the solution

of the Mx and Mz equations, each equation is divided by KRi where

Ri is the radius of gyration of the axis and K=Kx=Ky=Kz; zlso note
that
2
Ul
2(L12+Lz)

K
m

where w, is the translational natural frequency.

[ L, 12 L, L L L
M 8 =¥y 22y | Tlzg z ix
X w 2 2 z' 2
¢ (le+LZ)Rxx Roex Rex
M, O M=+ 7+ 250, (E 1%
t
(Ll +L )Rzz leRzz Rzz

The solution of these equations ylelds the ratio of the rotational
to translational natural frequencies as a function of le spacing.

4=21
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When le=0 the system is ir the YZ Plane and is the configuration

of section 4.3.6.1. le is chosen to be 4.0 m which is close to

the end of the pallet., The data are listed in table 4-5. As

indicated by the performance datga there is no advaatage in skewing
the suspension plane about the center of mass,

4.3.,7 Four Point Suspension

4.3.7.1 Four Points on a XY Plane
Mass - This apr+oach positions four isolators in a XY plane con-
taining the ¢ 2r of mass as shown in figure 4~7. Each isolator
has spring cc._scants Kx’Ky’Kz and rotation is resisczd by axial

deflection of the isolators.

Containing the Center of

The equations of motion are:

2 ot
ZFx ~Xmow +x[4Kx] Fx
" ~Ymw Y [4K_]=0

v y
TF -me2+z[4K ]=0

z Z

2 2, _
o, -0, T, 648 (4K L2)=0
5 -0 I we (4K 12)=0
M yiyyd Ty iy
2

™ -lezzw

4

2 2,
+0, (4K L )+6, (4K L1)=0

Solution of the equations yields:

L
x{m |

for X translation,

F4K_11/2
o =L_1J
y I

foos Y translation,

4-22
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Table 4-5. Three Point Suspension on a Skewed Plane
Natural Frequencies and Spring Constants
TRANSLATIONAL ROTATIONAL IN LINE ISOLATORS SINGLE ISOLATOR
F AXIS NATURAL NATURAL AXTIAL AXTAL
%‘ FREQUENCY FREQUENCY SPRING CONSTANT SPRING CONSTANT
‘ Uz Hz N/m N/m
1
X 0.10 0.17,0.08 364 147
E Y 0.10 0.03 364 147
: Z 0.10 0.17,0.08 364 147
i
g
:
;
E—‘ 4-23
8
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Sign Convention for Forces and Moments
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for Z translation,

for X rotation,

for Y rotation and,

for 2z rotation,

Clearly equal translational natural frequencies can be selectad
and the rotational natural frequencies can be determined. To achieve
equal frequencies in all axes, the spacing constants Lx and Ly are:

. =rIxx 1/2=[21’292 1/2
vy . m (10,974

=1.39 m

X m 10,974) ~3-36m

L foz?”z:[l_;g,s_ss.]”z

The Ly=l.39 m spacing would place the isolators vithin the pay-
load experiment section.

the length of the pallet.
natural frequency:

The Lx=3.56 m spacing is compatible with

However, for equal Z axis rotational

[2. 21172 r1 172 1/2
Lo4+L° —i_2z "7 135,444 -
Lx e =im, =] 10,974] 3.5l m

This spacing 3.51 m is not compatible with Ly=1'39 m and Lx=3.56 m.
Therefore equal natural frequencies in all axes cannot be achieved.

Various combinations of spring constants and isolator spacing
can be evaluated., The data of three combinations are listed in

table 4-6. Configuration 1 is based on equal translational fre=
quencies and Ly=1.39 m, L =3.56 m; configuration 2 is based on equal

4-25
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Four Point Suspension Containing the Center of Mass
Natural Frequencies and Spring Constants

TRANSLATIONAL | ROTATIONAL AXTAL
; SPACING NATURAL NATURAL SPRING CONSTANT
CONFIGURATION | AXIS m FREQUENCY FREQUENCY N/m
Hz Hz
1 X 3.56 0.10 0.10 1,084
1 Y 1.39 0.10 0.10 1,084
1 Z 0.00 0.10 0.11 1,084
2 X 3.66 0.10 0.16 1,084
2 Y 2.28 0.10 0.10 1,084
2 YA 0.00 0.10 0.12 1,084
3 X 3.66 0.08 0.10 719
3 Y 2.28 0.08 0.06 719
3 2 0.00 0.06 0.10 404
4-26
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translational frequencies and sele
ration 3 is based on X and 2
selected isolator spacing.

cted isolator spacings; confipgu-
axes equal rotational frequencies and

4.3.7.2 Four Points on a XY Plane Offset Above the Pallet -
This approach positions four isolators in a XY plane offset from
the center of mass as shown in figure 4-8. This system would
attach to the pallet and orbiter longerons. Each isolator has
spring constants Kx’Ky’Kz and rotation is resisted by axial de-

flection of the isolators. The equations of motion are:

ZF ~Xmw+X4K +6 4K 1 =F"
x Xy X'z x
SF ~Ymw?+Y4K +6 4K 1 =0
y Y oxyUz
SF —me2+z4xz=0
) 2 2 2
Iy - =
3 B (-I_w +4K2Ly+4KyLz)+Y4KyLz 0
M 8. (-1, wHik_L2+4x 1%)4x4K 1. =0
y y yy Z'x X z X 2
2 2 2,
I 8,(-1_uw +4Kny+4KxLy)—0

Solution of the Fz and Mz equations yields:
74K711/2
W = —=
z m
for Z translation and,
[4K t244k Lz]llz
w =|l—X X Xy

rz Izz i

for Z rotation.

To simplify the solution of the remain
equation 1s divided

KzRii’ where Rii is the radius of gyration of the axis; also note

that

ing equations, each force
b Kz and each moment equation is divided by

1%
&JN%Q

4~27
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The solution of the equations yields the rocking natural frequencies
a8s a ratio to the Z axis natural translational frequency.

LZ 2 2

L™K K LK
2
R el e SIS M s S
Y2 RZ  mIx K w2y
¥y ¥y 2 yy z
For X axis translation coupled with the Y axis rotation and:
2 2 2
L LK K. L K
(ﬂ_)l‘_(_g_ + 2y (ﬂ_)z.*. L X o
W z 2 K, *w 2 K
z R R° K z 2 R
XX XX z XX

For Y axis translation coupled with the X axis rotation.

Various combinations of spring constants and natural frequen~-
cies can be evaluated. The data of two combinations are listed in
table 4-7, Configuration 1 is based on Z axis translational fre—
quency equal to Z axis rotational frequency and Kx equal to K ;

configuration 2 1s based on the ratios equal to 1.0.

4.3.8 Damping - Natural frequencies of the various suspension
systems have been expressed as functions of geometry and spring
constants. The design objective for damping 1s based on 10 percent
of critical damping., Translational critical damping is:

C =2mw
c
Rotational critical damping is:

C_ =21w
re T
For all the suspension systems analyzed the damping constants are:

C=.2muw

for translation and
C =,21Iw
r r

for rotation. Since damping is a function of natural frequencies

specific damping constants are easily defined and will be specified
only for the recommended isolator design,

4~29
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Four Point Suspension 0ffset Above the Pallet

Natural Frequencies and Spring Constants

A Ry T A A TR ST e e e

TRANSLATIONAL | ROTATIONAL | AXIAL
SPACING NATURAL NATURAL SPRING
CONFIGURATION | AXIS m FREQUENCY FREQUENCY | CONSTANT

Hz Hz N/m

1 X 3.66 0.10,0.08 0.17,0.08 719

1 Y 2.28 0.17,0.08 0.10,0.08 719

1 z 0.46 0.10 0.10 1,084

2 X 3.66 0.12,0.10 0.17,0.10 | 1,514

2 Y 2.28 0.17,0.10 0.12,0.10 | 1,159

2 z 0.46 0.10 0.1 1,084
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4.3.9 Isolator Study

4.3.9.1 Elastomeric Isolators - Stock elastomeric isolators
manufactured by Barry Controls and Lord Manufacturing Co. were
investigated. Stock isolators cannot meet the requirements of
the suspension systems analyzed,

The method of sizing an elastomeric isolator to specific re-
quirements involves a trial and error development approach. This
1s due to several performance characteristics of elagtomers,

a. Typical elastomers have nonlinear load va deflection
curves,

b, Hysteretic damping is a funct

ion of the compound; damping
ratios range from 0.05 to 0.15.

¢c. Elastomers are temperature sensitive; at low temperatures,

below -60° C, they become stiff and brittle while at high
temperatures, +15{:° C, they become soft.

d. The shape of the isolator can be varied to achieve various
performances; tension, compression, shear and rotational load-
ing each require different approaches to the shape,

SRR T e e N W o N T, R T e e A e e AR A e W AR e AR e T

Elastomeric isolators specifically designed for any of the sus-
pension systems would have nonlinear spring constants and hysteretic

damping. A thermal control system would be required for stable per-
formance.

4.3.9.2 Wire Rope Helical Springs - Stock wire rope helical
8prings manufactured by Aeroflex Laboratories, Inc. were investi-

: gated. tock springs cannot meet the requirements of the suspension
§ systems analyzed,

The method of sizing a wire rope helical spring involves a trial
and error development approach,

This is due to limited design data
: plus the following performance characteristics of stock springs,

4. Stock springs have nonlinear load ve deflection curves.

b. Compression, shear and compression roll loading of stock
springs have hysteresis response,

c. Stock springs have hi

gh, 15 percent to 20 percent, friction
damping.

4~31

ARt S o b LR



GRS TN TN eSS SR T e P e e e

i LARCIEE o e i M P L1

SR TR R R T e LT R R R A AR e L

-k 2l bLPULE-La i) e

e
3
:
;
:
i

Wire rope helical springs specifically designed for any of the
suspension systems would have nonlinear hysteresis responses plus
high frietion damping. Therefore the use of wire rope helical
springs is not recommended for this applicatiorn.

4.3.9.3 Solid Wire §
factured by many sprin
requirements,
mathematical da

prings - Solid wire springs are manu-
g companies and can be sized to specific
The approach to sizing these springs is baged on
ta with several performance characteristics.

a, Various configurations have linear spring constants,

b. Open loop helical and cantilever springs have very small
hysteretic damping factors: .5 percent.

¢. C(losed loop helical springs will have

friction damping
factors as high as 20 percent,

d. Metal wire springs are insensitive

to the temperature
range,

Solid wire springs specificall
pension systems would have line
zero damping. To overcome the
would be required,

Y designed for any of the sus-
ar spring constants but nearly
low damping, additional dampers

Friction dampers similar to those used in stock solid wire
spring isolators could be developed.

Electrodynamic dampers based on a conductor
field are feasible, However,

would require shielding.

in a magnetic
the presence of magnetic fields

Viscous dampers based on fluid/gas flow would require a
closed system due to the vacuum environment.

4.3.9.4 Gas Filled Bellows - Metal bellows are manufactured
by several companies in various configurations. Servometer Corpora-
tion manufactures electrodeposited nickel bellows for a variety of
applications. The approach to sizing a gas filled bellows is based
on mathematical data using several performance parameters,

2. ©Spring constants are linear.

b. Viscous dampin

8 1s based on gas flow through a circular
orifice,

C. Metal bellows are insensitive to the temperature range.
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Gas filled metal bellows specifically designed for either the
three point or four point suspension systems would have linear
spring constants plus viscous damping,

4.3.10 System/Isolator Selection

4,3.10,1 Performance - The performance characteristics of the
suspension systems and isolators are summarized in table 4=8. The
selection of the suspension system and isolator is based on this
data., The systems which restrict experiment placement are rejected.

Since there are no evident advantages to systems with coupling they
are rejected,

The decoupled three point suspension is soft for Y axis rota=-
tion because of the location of the two inline isolators. 3ince

the location of the isolators cannot be improved this system can
be rejected.

The two point suspension at the sides of the pallet has rea-
sonable performance, However, the isolator configuration is ques~
tionable due to the high torsicnal spring constants required com-
pared to the soft linear spring constants required. Of the iso~
lators investigated, the elastomeric isolator would be the most
likely to achieve the desired performance, Since elastomer per~

formance varies with temperature, a thermal control would be
required,

The decoupled four point sus
A gas filled bellows can be confi
stiffness required.
isolator can be confi
damping,

pension has reasonable performance,
gured to achieve the translational
By combining three bellows at right angles an
gured to achieve the required isolation and

Therefore the selection of the decoupled four point suspension
utilizing gas filled bellows is recommended,

4.3.11 Four Point Suspension Using Gas Filled Bellows

4.3.11.1 Four Point Suspension - The suspension system as shown
in figure 4-9 will be evaluated. The natural frequencies and spring
constants listed in table 4-9 are the same as section 4,3.7,1, con-

figuration 3, listed in table 4=6. As defined in section 4.3.8 the
critical damping equations are:

C =2my
c

for translation and
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SINGLE POINT SUSPERSION

o e A TEF T v AR &0 T e,

Table 4-8.

Summar

¥y = Performance Characteristics of the

Suspension Systems and Isolators

WA R e T R Y AR R T T R A SRR
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TWO POINT SUSPENSION

THREE POINT SUSPERSION

FOUR POINT SUSPENSION

Le2,4,1 Containing the Center of Mass
L]]

lecoupled Natursl Frequencies
oTranslational and Rotetional Stiffness
Required for Three Axes of the Isclator

®Restricts Experiment Placeme-t from che
Central Portion of the Paylowd Volume

4.3.5.1 At the Sides of the Pallek

®Decoupled Natursl Frequencies

sTranslational Stiffness required for
Three Axes and Rotarional Seiffness
required for One Ax1s of the Tun
lsolators.

4:3.6.1 On & YZ Plane

sDecoupled Wacural Frequencies
oTranslationsl Stiffness required for
Three Axes of the Two Inline Isclators

sTranslationa} Stiffness required for
Two Axes of the Third tsolacors

4.3.5,2 At the End of the Psllet

#Decoupled Natural Frequencies

eTranslational St{ffness required for
Three Axes and Rotational Stiffness

£.3.4.2 Offser Below the Pallet

e Counling: iranslacion and Y Rotation

#Coupling: Y Translation and X Rotstion

#Translacional and Rotstional Stiffnens
Required for Thrae Axes of cthe Isolator

required for One Axis of the Two
Isclators

SReatricts Experiment Placement from
Both Ends of the Faller

4.3.4.3 Offset ar rhe Ead of the Pallae
®Coupling: Y Translation and Z Rotation
®Coupling: Z Translation snd Y Rotation
sTranslet{onsl and Rotational Stiffness
Reguired T Three Axes of the laolutor

SRestrices Experiment Placeuent from
One Ene of the Pallet

#Low Natural Fraiuency for
Y Axis Rotatfon

4.3.7.1 Containing the Center of Mass
e#Decoupled Naturasl Frequencies
eTranslatfonal Stiffness required for
Three Axes of the Four Isolators,

4.3.7.2 Offser Above the Pallet
®Coupling: X Translation and Y Rotation
*Coupling: Y Translation and X Rotation
*Translationsl Stiffness required for
Three Axes of the Four Isclators

$,3.6.2 On a Skewsd Plane

®Coupling: X Rotation and 2 Rotation
oTranalational Stiffness required for
Three Axez of the Three Isolators

SLow Natural Fraquency for
Y Axis Rotstion

4.3.9.1 Elastomeric Isolator

@Non Linesr Load Versus Defleccion
sliystaratic Dawping 5% to 151

® Parformance varies with Temperature
Requiring Thermal Control

4.3.9.2 Wire Rope Helicsi Spring
®Non Linesr Load Versus Deflectio:
#Friction Damping 152 to 20%

4:3,9.3 Solid Wire Helical Sprin
oLinear Losd Versus Deflection
SHysteratic Dasping 0,53
sRequires Addicional Damping

4.3.9.4 Gas Filled Bellows
sl RS Tilled Bellows
SLinear Load Versus Daflection
*Viscous Damping 10%
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Table 4~9. Four Point Suspension ~ Gas Filled Bellows
Natural Frequencies, Damping Ratios, Spring Constants, Damping Constants
ROTATIONAL
TRANSLATIONAL | ROTATIONAL AXTAL TRA‘;E;E‘EENAL DAMPING D:I}EI;?II\I‘G
AXIS SPACING NATURAL NATURAL SPRING CONSTANT RATIO RATIO CONSTANT
m FREQUENCY FREQUENCY N/m 4c/c c_/c

He Hz c r’ “rc N-sec/m

X 3.66 0.08 0.10 719 0.08 0.10 229

Y 2.28 0.08 .06 719 0.08 0.06 229

Z 0.00 0.06 0.10 404 0.06 0.10 129

TR P LR P R TR SR

T
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C =2Iw
rc T

for rotation. The system damping constants are:

4C =2mp
X X
for X translation,
4C =2mun
y y
for Y translation and
4C =2my
z F4

for Z translation.

Eecause rotational damping is a function of
spacing and translat

ional damping two conditions exist,

From X axis rotation:

C =2 w
TX "Xx rx

¢ =412c
rx y’z

From Y axis rotation:

C =21 w
ry ¥y ry
c_=41.2c

ry X'z

From Z axis rotation:

C_ =21 w
rz ZZ rz

2 2
Crz=4Lny+4Lny
The damping data listed in table 4-9 1s base
damping ratios. This 1s in keeping with the
spring constants. It should be noted that va
of spring constants, damping constants, spaci
cies are possible with the four point suspens

d on X and Z axes equal
configuration of the
rious combinations

ng and natural frequen-
ion systen.

4-37




e
—

- v ar A ki SR T e
I R R A o S P e

T

;
3

4.3.11.2 Gas Filled Bellows - The
bellows is shown in figure 4~-10,

calculations are in the American p

design of the gas filled
To facilitate the design, the
ractice of units since the

The required damping force of a single bellows isolator is:
P=Cy
and is equal to the resisting force of the gas:

FﬂABAP

where:

F = the force (1b)

C = the damping constant (lb-sec/in)

i the velocity of the bellows motion (in/sec)

AB = the effective area of the bellows (inz)

AP = the change in the gas pressure (lb/inz)

The general equation of laminar gas flow through a circular
orifice is:
p2ap
32uk
where:

v = the gas flow rate (1n/sec)
D = the orifice diameter (in)
AP = the pressure drop across orifice (lb/inz)
K = viscosity of the gas (3.33::10-9

lb--seclin2 for air)
L = the orifice length

4-38
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Figure 4-10. Gas Filled Bellows
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And the gas
motion 1is:

Ay XAy

and

where:

A, = the orifice area (inz)

Combining these equations yields

a relation between the damping
constant and orifice:

2
128u

= —-—;ﬁ
mh

Thus the orifice
damping requirements,

The pressure chan

8e across the orifice as g function of the
bellows velocity is de

termined from the two force equations:

Bellows velocities are determined from the va
disturbances, Manp motion disturbance studies indicate bellows
velocities of approximately ,02 inches per second for a single
spike. Gravity gradient studies indicate bellows velocities of
approximately .09 inchesg Per second. Experiment disturbances are
not available at this time but the resulting bellows velocities
can be expected to alsg be small. Therefore the bellows velocity

of .10 inches Per second will be used for the design. The general
equation for air spring constants is:

4~40

flow rate as a function of the velocity of the bellows

diameter and length can be chosen for various
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K= YFPA

where:

=
1

= the spring constant

Y = the specific heat constant of gas (1.4 for air)

-
"

the pressure

S
Il

the effective area

v

the volume

For the gas filled bellows the gas spring constant is:

2
K, = VP Ap
VA+VB
where:
P°‘= the initial pressure (lblinz)
VA = the fixed volume A (ina)
VB = the initial bellows volume B (1n3)

The pressure volume relations are:

P (V AtVy) =P, (V A"'V_Bh“"n)

Ap=p -P
0o "x

p
and: AP= xAB X

YA+VB

The gas spring constant as - function of bellows displacement
and pressure change is:

YALAP(Y, +V_+xA_)
g = TApARCV Wbty

G x(VA+VB)

4=41
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Bellows displacements (x) are
+10 inch. Volumes A and B will be
placement volume xAB so that:

V. +V
Av -]:v w1
A B
Therefore:
Ap
Kﬁ YAB X
and
K
G
AP= —Z- o
Y

The pressure change is now define
displacement and velocity.

can be achieved by either th
able isolator configuration
maximum pressure change from

and sizing the Bas spring con
Pressure conditions.

d as functions of bellowa
Since the total spring rate required
e gas or the metal bellows, a reason-
can be achieved by determining the
the damping velocity requirements
stant from the resulting fnitial

The mathematical design of a bellows is based on Servometer
Corporation literature, reference 4,

The spring rate of the metal bellows is b

ased on the spring
resistance due to bendin

g of the convolution walls.

« 4:3E(OD+1D)¢3
(OD*ID-t)BN

where:

KB = the spring rate of the whole bellows (1b/in)

E = Young's modulus of ela

sticity, 23.35x106 for electrode-
posited nickel

0D = bellows outside diameter (in)

ID = bellows ingide diameter (in)

4=42

expected to be small, less than
chosen large compared to the dig-

e LA s tiadh v L e+




t = bellows wall thickness (in)

N = pumber of active convolutions

-— The stroke rating in tension is:

g= 1:5x10™%(0D-1p-¢) %y
t

PRSI RO RS R AR
i
L]

where:

S = maximum permissible stroke for the bellows {in)

The effective area 1s:

i - _TI'_ 2 ;
Ag= 7¢ (0D+ID)

The pressure rating is:

A R A R T iy

p = L1.25x10%2
S ¥ (op-1D-t)2
: F

where Pr is the nominal pressure rating (lb/inz).

Summary data for the X and ¥ axes bellows shown in figure :
4-10 15 listed in table 4=-10

3 o + The pertinent design features are
E as follows,
For damping, %=1,00 in, and:
128us42 1/4
D-(—,n,'-c—-—) =,0191 in

The pressure change for damping is:

AP= g—]; x=,12 1b/in>

The bellows volume is:

D s T W L VA

; VB LBAB (8) (1.13)=9.04 in
:- The volume A 1s sized to give:
3 .
VA 11.10 in ]

4-43 % '
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Bellows Design Features

FEATURES

X AND Y AXES Z AXIS
Outside Diameter 1.50 in 1.50 in
Inside Diameter .90 in .90 in
Convolution Thickness 0044 in 0037 in
Convolution Pitch «15 in «15 in
Number of Convolutions 47 47
Effective Bellows Area 1.13 in2 1.13 1n2
Bellows Volume 9.04 in3 9.04 in3
Fixed Volume 11.10 in3 11.10 in3
Orifice Diameter «019 in 022 in
Orifice Length 1.00 in 1.00 in

Bellows Pressure Rating
Initial (Fill) Pressure
Maximum Pressure
Bellows and Gas Weight
Free Length of Bellows
Maximum Stroke

Spring Constant

Damping Constant

68.22 1b/in?
21.51 1b/in®
22,79 1b/in?
1.20 1b

7.05 in

2.84 in

4,11 1b/in

1.31 lb-sec/in

48.13 1b/in2
12.55 1b/in?
13.30 1b/in?
1.01 1b

7.05 in

3.39 in

2,31 1b/in

«74 lb-gac/in

4-44
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The initial pressure is

o P
° g

The gas spring rate 1s:

BRIt e e ik 7""’1’"}”” “

=21.51 1b/in2

AP
KG-YAB < ~1.90 1b/in

The bellows SPring rate required is:

KB-K-KG'Z.ZI 1b/in

Selection of the bellows wall thickness

convolutions yields the b

- 4. 3E(oD+ID) +3
(OD—ID-t)3N

where:

t = 0044 in,
N = 47

The bellows stroke <itdng is:

S 7.5x10™% (op-1D-t) 2y
t

and number of active
ellows spring rate:

=2.24 1b/in

The length of the convolutions is:

L=N(pitch)=7,05 in

where the pitch ig .15 inch,

The pressure rating is:

p o 1.25x1082

(OD=-ID-t)

The maximum presgsure expected would occur

445

7 ~68.22 lb/in2

at X'—l.o 1nChl
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Po(VA+V )

2
P [ Q. . LI .22.79 1b/:|.n
max (ﬂthB—xAB)

The temperature effect on the Zressure is:

T
- o, k-1
P =p -i;-

o i {
where:
To = 68°F=5287R
= m o
Tmax 160°F=620°R
E o - o
Tmin 70°F=390Q°R
k=1.4
Po 2
Pmax- -.Fo—-—.-é-s—ﬁ =22.52 1b/in
=)
max
and:
P0 2
Pmin= W =19,72 1b/in
G
min

The weight of just the gas filled bellows ig:

W= 1T;gN“OD‘t)Z'(ID*t)Z-"n((.75)(0D)+ID)]
where:
d =

-321 1b/in’ (the specific weight of nickel)
& = .15 in (the pitch of the convolutions)

W=1.20 1b

Summary data for the Z axis bellows shown in figure 4-10 is

listed in table 4~10., The rertinent design features are as fol-
lows:

4=46
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For damping, %=1.00 in and:

128112.AB 1/4
D=( —'—'—-) =.0220 in

The pressure change for damping ig:

AP= % x=.07 1b/in2

The bellows volume is:
3
VB BAB %.04 in
The volume A is gized to give:
- 3
VA 11.10 in

The initial Pressure is:

AP (V, 4V 4 )
P - xABB =12, 55 1b/in2

The gas spring rate ig:

Ap
Ko=YAp <5 =1.11 1b/1n

The bellows spring rate required ig:

KB-K-KG=1.20 1b/in

Selection of the bellows wall thickness and number of active con-
volutions yields the bellows spring rate:

= 4-3E(oD+ID) e
(OD-ID-t) 3N

=1,22 1b/in

where:
t = .0037 in.
N = 47

4=47
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E: ; ‘ The bellows stroke rating is:

S 4 )

:‘ ; I S= 7-5x10 tOD"ID-t ZN -3.39 1“.

E The length of the convolutions is:

A

5 L=N(pitch)=7.05 in.

? ; where the pitch is .15 inch, '
9 o 5
E j The pressure rating is: ‘
. [

3 ’ o 6,2

} P = L-23-11-“-2- =48.13 1b/in?

- (OD-ID-t)

N

L The maximum pressyre expected would occur at N=-1,0 inch.

S S x13,

- P oax™ =T 13.30 1b/in

E - The temperature effect on the pPressure ig:

"
: B Po 2 :
Pmax= W =13.07 1b/in ,?
G

| E max

SERY

; and:

A : W ———r— .

- Pmin To ~388 11.51 1b/in

- G

min

The weight of just the gas filled bellow is:

w= 228 (0D~ 2- (10+2) Zn((. 75) (0D)+1D) ]

W=1.01 1b

448 l
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rs between the Pallet and
The design w+s baged

length, This assures linear response characteristics Plus allows

the suspension system to float with orbiter/pallet deflections of
Plus or wminus 1.0 inch along the three axes.

Since the bellows are always in tension, t

€an be precompressed to reduce the free length;
on performance,

he bellows free length
there 18 no effect

4.3.12 Suspension System Evaluation

4.3.12.1 Center of Mass Offset Sensitivit
is assumed to be offset from the true position in
four point suspension as shown in figure 4-11,

~ The center of mags
the center of the
The offset ig assumed
ing the suspension
System to the pallet or from different payload arrangements. Any

of response, The

ZF, x(—mm2+4!(x)-6y4KxZ+Bz4KxY=F;{
IF, y(-mm2+4xy)+ex4xyz-ez4xyx-o
IF, z(-mw2+4Kz)+By4KzX-9x4KzY-0
M Bx(-wa2+4KzL§+4KzY2+4KyZ2)

-Bz4nyz-By&KZXY+y4KyZ—z4KzY=0
M ey(-1yw2+41<21.§+41czx2+4xxz2)

-BxéKZXY-Bz4KxYZ-x4sz+zéKzX-0
iy Bz(-Izw2+4Kij+4KxL§+4KxY2+4ny2)

-9y4xxrz-axAnyz-y4ny+x4KxY-o

4-49
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The coupling effects are investigated one axis at g time.
letting Y=Z=0, the X axis offse

with Y rotation and Y translation with Z rotation,
equations of motion,

per second, yields:

By
t ylelds coupling of Z translation

Solution of the
using the data of the system and w in radians

w?=(.303+.012%%)0¢, 023m0

For Z translation with Y rotation and:

w?~(.656+.021%2) 0w+, 10320

For Y translation with Z rotation.

The natural frequencies are plotted as 2 fun-tion of the off~

set X in figure 4-12, The natural frequencies for X axis transla-
tion and rotation remain uneffected.

By letting X=Z=0, the Y axis offset yields coupling of X trans-
lation with Z rotation and Z translation with X rotation. Solution

of the equations of motion, using the data of the system and w in
radians per second, yields:

0= (.656+.0215%)w+. 10320

For X translation with Z rotation and:
w*= (. 542+.076Y2) 0. 0580

For Z translation with X rotation, The natural frequencies are
Plotted as a function of the offset Y in figure 4-13. The natural
frequencies for Y axis translation and rotation remain uneffected,

By letting X=Y=0, the Z axis off
lation with Y rotation and Y
of the equations of motion,
radians per second, yields:

set yields coupling of X trans~
translation with X rotation. Solution
using the data of the system and w in

= (. 429+.02122) 0+ 04120

For X translation with Y rotation and:

w*-(.657+.1352%) w4, 103=0
For Y translation with X rotation. The natural frequencies are

plotted as a function of the offset Z in figure 4-14. The natural
frequencies for Z axis translation and rotation remain uneffected,

4=-51
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Center of mass offsets of:
X=+.75 m
Y=4+.75 m

Z=+.50 m

result in natural fre

quency changes less than 10 percent plus the
noted coupling modes,

gated. However, the changes in natural frequencies can be expected
to also be small, with the additional coupling modes, Therefore
the suspension system can accormodate reasonable center of mass

offsets without additional redesign for various payload arrange-~
ments.

Coupling effects of combined axes offsets can also be investi- !

4.3.12,2 Spring Constant Sensitivity - Variations in spring
constants can occur from manufacturing tolerances of the bellows

and loss of the gas from the assembled bellows. Investigation of
spring constant sensitivity includes four cases!

1. The assembly spring constant varies +10 percent, 5

The bellows spring constant varies +10 percent,
3. Total loss of Eas pressure,
4. Loss of gas pressure in one corner.

For this investigation the cente

true position in the center of t
listed in table 4-11,

r of mass is assumed to be in its
he suspension system. The data is

For r+3e 1, the assembly spring constants are varied +10 percent
with the four spring constants per axis remaining equal,

For case 2, the bellows spring constants are varied +10 percent
with the four spring constants per axis remaining equal.

For case 3, the total loss of g£as pressure is assumed and only
the nominal bellows spring constants are effective. This is clearly
the worst case since damping will alsc be zero,

For case 4, the loss of 84S pressure at one corner is assumed
and only the nominal bellows spring constants of the corner are
effective. The effects of coupling are neglected.
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Nominal Natural
Translational
Frequency, Hz

.081 ] .081} .061

Nominal Natural
Rocarional
Frequency, Hz

1001 0631} ,100

Nominal Bellows
Spring Constant,
K/m

387

87 | 210

Nominal Gas
Spring Constant,

NZm

332

332 (194

Nominal Assembly
Spring Constant,
N/m

719

719 | 404

Tﬂble 4-11 o

Case 1 +102 Variation in Assembly Spring Constant

Spring Constant Sensitivity

Caze 3 Loss of Cas Presaure

+107, -10%
X Y 4 X Y 4
Spring Constant, N/m 791 191 444 1647 [647 [384
Translational
Frequency, Hz .085) .085 ] .064 | 077 | .077 | .058
Rotationsl
Frequency, iz -105 | .066 | .105 | ,095 | .060 |.095
Case 2 +10% Variation in Bellows priag Constant
+10% -10%
X Y Z X Y 2
Bellows Spring _
Conatent, N/m 626 420 [ 231 {348 |3a8 | 189
Assembly Spring
Corstane, N/m 758 t 758 | 425 | 680 {680 | 383
Translational N
Frequency, Hz .0831 .083| .063).079|.079{.059
Rotational
Frequency, Hz .183 | 065 |.103 {.097 |.061 }.097

X Y FA
Spring Constan®, N/m |387 387 | 210
Translational
Frequency, Hz 059 | .059| .044
Rotational
Frequency, Hz 073 | .046| 072
Case 4 Loss of Cas Pressure in
One Corner
X Y Zz
Syatem Spring
Constant, N/m 2,564 2,544 1,422
Translational
Frequency, Hz .076 |.076 |.057
Rotational :
Frequency, Hz -095 1,059 }.094
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4.3.12.3 Dampip Sensitivit
tion of the damping constant ang th
orifice. The damping constant is a
and hole dizmeter; the gas pressure drop is a function of the system
disturbances. Therefore, if the initial gas pressure is greater

than the rejuired §as pressure drop, damping performance will not
change.

Bl

Reasonable orifice length and hole diameter tolerances are:
Length + .0l0 inch
+ .0000 ’

Hole Diameter inch

Using the damping constant equation of section 4,3.11,2:

T A R e, St i

2
J.ZB;JR.A.H ;
C= A 3

D

the tolerance effect can be determined. The data for damping ratios i
as functions of tolerances is ligted in table 4-12,

4.3.12.4 Pallet Excursion - Gravity gradient and orbiter dis- é
turbances impose moment loading upon the pallet causing relative -
motion between the pallet and orbiter.

Approximately 2.54 cm of f
clearance between the pallet and orbiter is presently anticipated,

The lowest rotational natural frequency

for the suspension 5ys-
tem is about the Y axis.

Using the relationship:

A e e L

TLx
z-

2
@ 1yy
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Table 4-12,

Damping Sensitivity

X

Nominal
Translational
Damping Ratio
4c/cc

Nominal
Rotational
Damping Ratio
c_/c

r “rc

Maximum
Translational
Damping Ratio
4c__/cC

max’ ¢

Maximum
Rotational
Damping Ratio

Crmax/ crc

Minimum
Translational
Damping Ratio
4c_. /c

min’ "¢

Minimum
Translational
Damping Ratio

cminlcrc

.081

.100

.092

112

. 080

.099

+081

.063

.092

. 070

.080

. 062

061

.100

. 069

.112

. 060

.099
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where:
Z = excursion
T = applied gravity gradient torque

. = distance from Pallet center of mass to the suspension

system

W, = n~tural rotational frequency
Iyy = pallet moment of inertia

For gravity gradient torque of 10 N-m:

7 £10) (3.66) _
((2w)(.06))2(138,839)

-19 cm

Man motion disturbances indicate rotation of the orbiter about its
center of masgs of:

8=2,51x10"% radians

Using the relationship:

Z=10

where:
Z = excursion

L = distance from orbiter center of mass to the suspension

system
& = rotational deflection of the orbiter
Z = (5.32)(2.51x10"%)=.134 cm

The total excursion .32 cm ig significantly below the 2.54 cm
clearance.

4,3.12.5 Reliability - The reliability of the suspension sys-
tem is expected to be high. This is due to the four point suspen-
8lon utilizing three gas filled bellows per point of suspension.
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Each bellows is seamless and end fittings are welded to the bellows,
Operating gas pressures are low compared to the rated gas pressures,
As investipated in sectioen 4,3.12.2, loss of the gas from a single
bellows does not create a mission abort mode,

4.3.12.6 Weight and Volume - The configuration of figure 8-2
is used for weight and volume estimates,

The weight of the bellows portion of the suspension system was
calculated in section 4.3.12.2. The bellows end fittings are corro-
sion resistant steel, The interface structure is made from aluminum.

The volume required is based on a cube.
The weight and volume data is listed in table 4-13,

4.3.12,7 Cost - The configuration of figure 8-2 1is used for

cost assessment. The cost assessment of the total suspension system
can be divided into three categories:

4.3.12.7.1 Bellows Assembly
4,3.12,7.2 Interface Structure

4,3.12.7.3 Installation

4.3.12.7.1 Bellows Assembly - The design approach to a bellows
assembly will yield low development costs due in part to the manu-
facturing process: "electrodeposited bellows are manufactured by
forming a mandrel to the shape of the inside of the bellows, de~
positing the proper tbickness of spring quality metal onto this,
triming the ends and dissolving out the mandrel." The end fittings
are machined from bar or plate stock and can be designed for stan-
dardization or custom made for unique considerations, Heli-arc or
electron beam welding process can be used to join the end fittings
to the bellows, Development testing of a single assembly is based
on axial (tension) load versus deflection tests which can be accom-
plished on existing tension loading machines,

4.3.12.7.2 Interface Structure - The bellows to orbiter fittings
tan be machined from aluminum plate and designed to attach to existing
orbiter retention side beams. The bellows to pallet structure is de-
signed for stiffness and protection of the bellows; manufacturing is
of the low cost formed aluminum sheet fabrication,

4-60
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Table 4-13,

WELGHT PER

kg

Bellows

End Fittings 7.20
Structure

TOTAL 11.00

1.56

i 5L g Caut R A

e A
L iy

et et i e L

Volume Per Suspension Point

V=(0.35 m)°>=0.043 >

4-61

Weight and Volume

SUSPENSION porny | TOTAL WEIGHT




SE S bbbl

ST R T T R e R A e R

LI A L

P

¥

e

LR

B At A SR RSl Lk MR R o 0 e
° +

4.3.12,7.3 1Installation - The bellows to orbiter fitting is
bolted to the orbiter retention side beams with a mintmm quantity
of threaded fasteners. Installation of the bellows/pallet structure
to the pallet side panels or frames depends upon the local pallet
stiffness., If the side panels are unstiffened aluminum sheet, beam-
ing the support structure to the pallet frames may be required,
Actual attachment can be accomplished with threaded fasteners,

4.4 Conelusion - The four Point suspension system utilizing
gas filled bhellows nearly achieves the design goals of equal natural
frequencies and equal damping ratios in all axes, While the system
is designed as an uncoupled natural frequency system, various pay-
load arrangements with reasonable center of mass offsets can be
accommodate’. The gas filled bellows, utilizing gas flow through
a long circular orifice for damping, has linear performance; how-
ever, several other forms of viscous damping can be developed,

During launch and descent Phases the suspension system will
flex with the relative motion between the pallet and orbiter,

The system performance is stable over a wide tem

perature range
without a thermal control system.

Since the design of the gas filled bellows and the integration

of the system to the pallet/orbiter is based on state~of-the~art
hardware, the system cost will be low,

4~62
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3. PALLET RETENTION SYSTEM
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5.1 General - This section
pallet retention system and modif
on the suspension system once the
orbiter structure war
erations, and thermal
the relative motions o

specifically deals with the existing

ications to allow the pallet to float
orbiter is in orbit, Because the

Ps under aerodynamic flight loads, launch accel-

differences, the pallet must be isolated from

f the mounting points, The existing pallet re-

igned to overcome the problem. Two retention

TE e R SR R R

on the lower centerline of the cargo bay re-
This approach pravents any relative motion of the
from inducing destructive loads into the pallet/

acts side loads.
3 orbiter structure
: payload.

5.2 Summary - Reten
cluded the following:

tion systam modifications investigated in-
5.3.2 Release at the orbiter trunni-ns
5.3.3 Splitting the mounting shaft

3.3.4 Movable mounting shaft

B T W . R I R T e

and would allow the pallet to
the orbiter is in orbit.
/ selected as the configurat
:

t interface plus provides th
‘ design effort,

float on the suspensilon system once

The movable mounting shaft arrangement was
ion which provides the stiffest structural
€ most adaptable characteristics to further

5.3 Discussion

5.3.1 Design Objectives - The modified retention system shall

Provida the support of the pallet to the orbiter during launch and
3 descent:. Once in orbit the retention s

slon system. Upon completion
to support the

pallet for descent. all be adaptable

The modified retention system sh,
to the exiscing palle

t/orbiter interface structure,
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5.3.2 Release At the Orbiter Trunnions - This approach would
modify existing orbiter struct-rre leaving the pallet mounting shafts
unci.anged. Orbiter hinged trur-ions would be motor driven to allow
opening and closing of the trunnions in orbit. A separate ejector
or positioning mechanism would be required to allow the pallet to
float on the suspension system with adequate clearances. This sys-—
tem would probably be an adaption of the system used for ejecting
other large payloads into orbit, Therefore this =ystem is identi-
fied as a possible solution without additional investigation.

5.3.3 Splitting the Mounting Shaft

5.3.3.1 Centerline Tension Member - This approach modifies
the mounting shaft. The configuration as shown in figure 5-1 is

the locked or launch position. The unlocked position is shown in
figure 5-2.

The tension member holds the orbiter shaft and the pallet shaft
together at the cone and socket interface. Separation is achieved
by extending the tension member thus pushing the orbiter shaft
outward. Parcial retraction of the tension member completes the
float clearance requirement. The tension member is also caged in-

side the orbiter shaft, Complete retraction of the tension member
locks the shafts together for descent,

Analysis of this system shows the tension member to be critical
to the load reaction path from the pallet to the orbiter, thus
settling, relaxing or misalignment become major problems. Also the
cone-socket interface is large compared to the bore of the orbiter

trunnion; this is due to the loads and the in-.rbit float clearance
requirements,

5.3.3.2 External Latches - An attempt was made to configure
a split shaft utilizing external latches. The high reaction loa.s
plus the complexity of clamps, actuators and separation/caging
mechanisms required indicated that this approach is not feasible,

5.3.4 Movable Mounting Shaft - This approach is based cn moving
the mounting shaft inside the pallet fitting. The cargo bay main
longeron retention point with the mounting shaft in the extended posi~
tion is shown in figure 5-3. The retracted position is shown in fig-
ur: 5-4, Since the mounting shaft is sized for a free running fit
to the orbiter truanion, this feature is incorporated in the pallet
fitting. The position of the moanting shaft is maintained through
a positive friction device such as a set screw in the pallet fitting,
Plus the lead screw/nut combination.

3=2
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Retraction of the mounting shaft is accomplished by turning the
lead screw with an actuator. As shown in figure 5-4 the lead screw
tip remains inside the orbiter trunnion thus caging 1s achieved.

Extension of the mounting shaft is dependent upon engagement
to the orbiter trunnion. Since the €ngagement sequence occurs in
orbit, resistance will be from radial misalignment and the tendancy
of the orbiter trunnion spherical bushing to rotate. Forces necessary
to overcome radial misalignment can be expected to be small compared
to launch loads. The rotational misalignment of the spherical bush-
ing 1s overcome by the configurat:on of the mounting shaft tip. A
typical engagement sequence is shown 1in figure 5-5. Maximum radizl
misalignment (caging) is controlled by the size of the lead screw tip
and is not necessary for engagement. Maximum rotation of the spherical
bushing is controlled by the outer race of the truonion, Position I
shows initial contact of the shaft to the bushing at A, Extension of
the shaft into the bushing continues along A and contact B is made
as shown in position II. Contact at B causes the bushing to rotate
until contact at C is made as shown in position III. The shaft lead
diameter and lead length 1s determined at this pesition to assure a
gap D. The spherical bushing is now centered about the shaft allow-
ing further shaft extension as shown in position 1V, The engagement

sequence is completed when the shaft actuates a limit switch to stop
the lead screw drive motor,

The mounting shaft drive mechznism is not critical to the in-
tegrity of the load reaction path from the pallet fitting through
the mounting shaft into the orbiter trunnion. However, the lead

screw must be locked to prevent the tendency tc move the mounting
shaft during launch or descent.

This arrangement would nccessitate a new pallet fitting to
house the mounting shaft and drive mechanism. However, since this
System can be used for captive pallet missions as well as the
floated pallet missions, a natural conclusion would be to incor-
porate the system on all pallet common modules.

The weight increase of thig System over the existing system
is estimated at 20 kg, based on the drive mechaniem at 1 kg and
the movable mounting shaft at 3 kg per retention point,

3.4 Conclusion - The movable mounting shaft arrangement main~
tains structvral integrity of the retention system plus allows simple
release and engagement in orbit. Incorporation of the asystem on all

pallet common modules provides maximum usability without additional
modifications for various missions
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natural frequencies of approximately 20 Hz,
is common to both configurati
gated in section 6.3,3.

6. CONTROL MOMENT GYROSCOPE (CMG) INSTALLATION

6.1 General - This section specifically deals with the in-
stallation of the four Bendix MA-2300 double gimbal CMGs to the
pallet structure. The CMGs were selected as a result of the con-
trol syatem study performed in volume II.

6.2 Summary
gated included mo
mounting the four
on a single suppor
Provides the stiff
and the pallet.

- Installation arrangements of the CMGs investi-
unting two CMGs to a single support frame and
CMGs to a single support frame., The four CMGg

t frame was selected as the arrangement which
@st structural interface between the CMG cluster

6.3 Discussion

6.3.1 Design Objectives - The

four CMGs shall be installed
on the suspended paliet with the fol

lowing censiderations:

a. Minimum structural modifications to the pallet,

b. Each CMG shall be shock and vibr

ation isolated with natural
frequencies of approximately 20 Hz,
€. Minimum structur:.}

modifications to the CMG attachment fit-
tings.

d. The installation shall he ad

aptable to various payload
arrangements,

The existing CMC configuration is ghown in figure 6-1. This

configuration defines typical mounting hole patterns and locations
with dimensions in inches.

6.3.2 Installation Study -~
analyses of these configurations:

The installation study performs

6.3.4 Two support frames each containing two CMGCs

6.3.5 One support frame containing four CMGs
One design objective is that the CMGs shall be isolated with

Since this objective
ons the isolation system is ilovesti-
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The CMG is dimensioned and bullt to the American practice of
units. The pallet is dimensioned and built to the metric units,
No attempt is made at thils time to define the CMG in the metric
units. However, the actual design and fabrication of the support

frame must address the conversion, particularly the CMG mounting
holes and locations.

6.3.3 CMG Isolation System - The isolation requlrements of
20 Hz indicates that off the shelf components are likely candidates,
Barry Controls part number T94-AB~110 and Lord Corporation part
number HTC-110G are military quality elastomer all-attitude mounts
which meet the requirements. Also both mounts are physically in-
terchangeable with nearly identical performance. Therefore a
reasonable conclusion is to use the physical dimensions of these
mounts and reserve final selection until procurement is required,

Adaption of the mounts to the CMG requires machine fittings
due to the isolation float required and the CMG mounting fitting
configurations., The design of the adapter fittings is straight-
forward and can be configured with the design of the support frame,
The adapter fittings can also be bolted to the CMG so that no modi-

fication of existing CMGs is required until assembly to the support
frame is made,

6.3.4 Support Frame With Two CMGs - The approach to the frame
design 1is based on welded alumimum tubing with appropriate machined
aluminum fittings., The configuration as shown in figure 6~2 shows
the design parameters of pallet hard point locations, the isolator

mounts and the isolator adapter fittings. The frame also supports
the CMG electronics package as shown.

The weight of this frame is estimated at 45 kg, based on 5 cm
Square aluminum tubing with machined aluminum interface firtings,

Integration of this support frame utilizes the pallet hard points
and does not require modification of the pallet structure,

This support frame can be located on the pallet according to the

hard point pattern, giving maximum flexibility to experiment payload
arrangements,

6.3.5 Support Frame With Four
design is based on welded aluminum t
fittings., The configuration as sho
parameters of pallet hard point loc
the isolator adapter fittings.
tronic ~ackages,

CMGs - The approach to the frame
ubing with appropriate machined
wn in figure 6-3 shows the design
ations, the isolator mounts and
The frame also supports the CMG elec-

6-3
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The weight of this frame is estimated at 90 kg,
¢tm square aluminum tubing with machined aluminum inte

based on 5
rface fittings,

Integration of thig support frame utilizes ¢

he pallet hard points
and does not require modification of the pallet s

tructure.

locating this frame across the joint; further,

3
pended pallet might be comprised if this frame were
attached to two pallet segments. Therefore only three locations of
this frame are available on a three segment pallet,

6.3.6 Installation ~ Since both CMG su
feasible, they are shown installed to the
ure 8~4 of section 8. Actual pallet attac

teners through the support frame base fitt
Point spherical nuts,

pport frames are considered
pallet in figure 8-1 and fig-
hment is with threaded fas-
ings into the standard hard

6.4 Conclusion — The gi
CMGs is selected as the arran
tural interface between the
of the frame is that of conv

ngle support frame containing the four
gement which provides the stiffest atruc—
CMG cluster and the rallet. The design
entional truss/frame designs.

T
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7 EXPERIMENT MOUNT AND ERECTION

7 1 General - This section specifies the support frames for
the specified Inside Out CGimbal System (I0G) and an alternative
classical gimbal system for experiment pointing and defines align~-

ment limits and gimbal motion thresholds for the experiment mount-—
ing system,

7.2 Summary - Two problems are treatd in this section for
each of the mounting arrangements, the first to determine the line
of sight error due to gimbal and mount inaccuracies, the second

to determine gimbal motions required to move the line of sight
vecter an arbitrary amount,

7.3 Experiment Base Mount Installation

7.3.1 Support Frame - The design of the support frame is that
of conventional truss/frame designs. The two configurations, as
shown in figure 7-1, clearly show the design parameters of pallet
hard point locations, frame height, mount/frame interface. Experi~
ment launch restraints are not shown since a restraint system would
be unique to a particular experiment. The restraint system would
consist of forward and aft supports. The aft support would inter-
face with the experiment base plate and the frame. The forward sup=-
port would interface with the experiment and the pallet hard points.

7.3.2 Installation ~ Frame attachment to the pallet is with
threaded fasteiners through the frame base fittings into tho standard
hard point spherical nuts. Alignment of the experiment/mount to the
pallet reference system would require an adjustable interface between
the mount and the frame; this can be achieved with the use of shims,

7.4 Line of Sight Errors Due to Mounting, Misalignments - In
general the ideal pointing of any instrument can only be approached
due to various misalignments and inaccuracies in the mounting system,
For an instrument with moderate power and resolutlon this would prob-
ably cause no difficulty, however, with an increase in magnification,
the angular field of view decreases and it becories important to ex-
amine the error in the line of gight due to physical inaccuracies.
This would become extremely critical for limiting cases where faint
objects are to be acquired and examined. In sl cases the object
should be near the center of the field of view to avoid vignetting
and fine adjustments might be required to bring the 1line of sight
back to the target point, A limiting line of gsight error can be
loosely defined as no greater than the minimum instrument fleld of
view to insure that after gimbal action is commanded, that the target
object is in the viewing field and can be brought near the optical
axis by fine adjustment as required.
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The physical inaccuracies in the systems will be described by
means of small angle transformations between the base and outer gim-

bal pivot, between the outer gimbal and inner gimbal pivet and between
the inner gimbal and the instrument.

7.4.1 Error Propagation for the Inside Nut Gimbal System (10G) -
The IOG system is shown in figure 7-2 with the mounting base in a

stowed or launch position. For the purposes of this discussion it

will be assumed that the zero gimbal angle state will occur when the
optical axis is directed out along the pallet Z axis. The "p" (pointed)
coordinate system is fixed in the base plat. with the Zp axis ¢

ciding with the optical axisg,

ain-

the Xp axls alony the ideal inner gim-

bal axis and the Yp axis completing the triad. ‘he "B" (base) systenm

is a fixed reference system aligned with the pallet axes. The "p" and
"B" systems coincide for zero gimbal angles with the Yb axis being the
ideal outer gimbal axis.

The relation between the ide

Al P and B axis systems is shown in
figure 7-2, and is defined by an

outer gimbal rotation 8 about the Yb

axis followed by an inner gimbal rotation 9 about the XP axis, The

transformations corresponding are:

hose 0 -5ind|
About Yb by 6: [ITB]= 0 1 0

|sind 0 cosej

1 0 0

About Xp by ¢: [PTI]= 0 cas¢ sing

0 ~sing cos¢J

The unit vector along the optical axis in P coordinates is simply:
p_=(0,0,1)"
P

Transforming to B space this becomes:

sinBcosd
Pp=[gT;] [ITP] Pp= -sin¢

cosfcosg

7-3
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If the coordinates of a target on the celestial sphere are known

in the base coordinate system, the ideal gimbal angles & and ¢

required to direct the instrument can be calculated from the equa~
-~

tion for Py» Alternatively, given gimbal angles 0 and ¢ and an
ideal gimbal system, the line of sight will be directed along Ppe

In order to evaluate the effect of inaccuracies in the physiczl
system, small angle transformations representing the various error
possibilities will be added to the ideal transformation, Working
from the base inward to the line of sight, the following transforma-

tion will be defined. The transivrmation from the base to the outer
gimhal pivot space will be:

1 £ -£
zo yo
[OTB]= -EZO 1 EXO
e -
Yo Exo 1 ]

where the angles Exo and £,o YePresent the misalignments in the
outer gimbal axis aand eyo is the error in the zero point of the

outer gimbal. The transformation for the outer gimbal rotation
O remains the same as before and will be designated as:

MERER S

The transformation from the outer gimbal to the inner gimbal pivot
is:

1 Ezi -Eyi
[ITO']= -Ezi 1 Txi
L Eyi -Exi 1 J

where €, represents the nonorthogonaiity of the inner and outer gim-
bal axes, exi is the error in the zero point of the inner gimbal axis
and eyi represents an additional bias on the zero point of the outer

gimbal. The transformation for the inner gimbal rotation ¢ is the
same as glven earlier:

7-5
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The transformation from the inner gimbal to the optical axis is:

£ g
l 1 zp yp
r = - E
| £ - 1
L yp Xp

where Eyp is the nonorthogonality of the optical and inner gimbal
axes, Exp is an additional bias on the inner gimbal zero point and

ezp represents a rotation about the optical axis which will have

rtodahiuith sl it ol Lo L o D G O b I

no effect on the line of sight error. The actual unit vector along

the line of sipht expressed in base coordinates after arbitrary gim-
bal motions & and ¢ is thus:

~

pa=[BTO] [oTol 1 [D'TI] [ITI']{I'TP]pp

where as before the tvansformation with reversed indices represents
the inverse of the direct transformation. The total error in the

~

line of sight can be defined by a vector E=pa—pb, the difference be-

e TR AL e e

tween the actual and desired lines of sight, The total angular error

SR EEEE T

€ is thus just the -bsolute value of E. Expanding the above egquation
neglecting products of the Eij:

SR AT, e

5 - o { 4 +
lélnecos¢ (sxi+.xp)sin891n¢+(syi+€yo)coseccs¢ (Ezisin¢ Eyp)cose+ﬁzosin¢

.= ; —51n¢—(Exi+Exp)cos¢+(€zosin8mexocosa)cos¢

| : -
;Fosecos¢—(cxi+sxp)cosBsin¢-(eyi+€yo)sinBcos¢ (Ezisin¢+€yp)“in8 exosin¢

SR e e R A AR e W T

Note that a3 expected Ezp does not appear in pa, and further that
the errors in definition of the zero gimbal angles eyi,a o and
Sxi’Eﬂp occur in pairs as would be expected. Defining the total

zero gimbal angle offsets, using the subscript o for outer and i
for inner:

:
:
L
3
:
:
,

7-6
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The error vector € can then be written as:

é Ezosin¢ ( roosecos¢ Ezicosﬁsin¢

1

? £= (E_ cosB-¢ sinf)cosd | + 0 + 0

: 20 X0

%' —Exosin¢ _—gosinecos¢J --62151nesin¢

.

? - ing | 1 £ G

§ Cisin851n¢ ypcos

é + —Cicos¢ + 0 .
% anicosesin¢J ;—eypsinﬂ

where the explicit vector comporents represent respectively the
errors in line of sight due to outer gimbal axis misalignment with

-+ >
respect to the base m,s outer gimbal zero point error z,, outer

gimbal/inner gimbal axis nonorthegonality ;;, inner gimbal zero
point error ;i and inner gimbg

The magnitudes of these veec
due to each effect:

1/optical axis nonorthogonality ﬁi.
tors represent the line of sight error

S TR T T I et e AR TR R RN

St e R

+ 2 2 2 _ 2 2..1/2
mo=|m0[=[(exo+€zo)sin ¢+(€zocose exosine) cos ¢]

2. 2..1/2, f2 2
=[Eio+egow(Ezosin9+exocose) cos ¢] < Exo+€zo

i
‘;
1
4

z,=|z =] cosd|<|c |

no=[3§[=lszisin¢L§,Ezi]
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The total error € is not so easi

1y bounded, however, since it in-
volves taking the

root of the sum of the squares of the components
Fr e S e
of the veetor E=m0+zo+n0+zi+ni, clearly a difficult task,

case concelvable is that each individual
direction and each attains its maximum

ation upon examination of the equation
absolute bound:

The worst

error vector is in the same
» clearly an impossible situ-
8, however, it leads to an

“p -+ -+ ES -
E<]m0|+'zol+|no]+[zi|+]ni|

/ 2"
e< eio+ezo+[;o|+|ezi|+lci|+[eypl

The pointing error can be bounded somewhat more closely by noting

-+ -+
that n and z, cannot attain their maximum simultaneously, in fact:

. 2, 2
|}'{0 |+] £0|= ] g cosé |+] €, ;5ind [<\/ LoYe,4

or,

or,

2 2 \/2 2’
eV ey te  tVegre T [+l |

Thus, the pointing error for the IOG can be b
the root-sum-square of ocuter
to the base, the root=sum-squ
axis nenorthogonality and the
gimbal zero offset and the iqn
onality,

ounded by the sum of
gimbal axis misalignments with respect
are of the outer gimbal/inner gimbal
outer gimbal zeio offset, the inner
er gimbal/optical axis nonorthog-

7.4.2 Error Propagation for the Classical Gimbal System - Fig-
ure 7-1 shows the geometry for the classical gimbal system again
with the mounting base in the stowed position. As before the zero
gimbal angle state will occur when the optical axis and pallet Z
axis are aligned., The "P" (pointed) coordinate system is fixed with-
in the instrument with the Zp axis directed out along the instrument

line of sight, The Yp axls is the ideal inner gimbal axis and the

Xp axis completes the triad. The B (base) system is a fixed ref-

erence system with which the "P" system is aligned for zero gimbal
angles. The Zb axis is the ideal outer gimbal axis.
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The relation between the P

and B systems is sheown in figure 7-3
and consists of the outer gimb

al rotation o about the Zb axis fol=

lowed by the inner gimbal rotation B about the Yp axls to direct the

Zp axis toward the desired target point, The corresponding transg-

formations are thus:

About Zb by a3 [ITB]= -~sind cosa O

r'c:‘osB 0 -sinf

About Yi by B: [PTI]= 0 1 0

(sinf 0O cosg |

The unit vector along the line of sight of the inetrument wilil
~

be designated as p with the component in P conrdinates simply:

~ T
=(0,0,1)
Py (
In the base space,

pb=[BTI}[ITP]pp

where the trsnsformation with reversed indices indicates the inverse
(transpose) of the direct transformation, Explicitly:

'cosasiuB
N

P,= [sincsinf

cosf

If the coordinates of a desi
sphere are known in the base
a and B required to point the
Alternatively given gimbal an

red pointing target on the celestial
coordinate system, the gimbal angles
instrument can readily be calculated.
gles o and E, the instrument line of

sight will be directed along the vector Py in the ideal case,

o
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The physlcal inaccuracies in the system will be described by
: o means of small angle transformations between the base and outer gim-
‘ . . bal pivot, between the outer gimbal and irner gimbal pivot azud be-
tween the inner gimbal and the instrument. Working from the base

.- inward to the line of sight, the transformation from the base to the
outer gimbal pivot space will be:

B S e S e et

TOUTESERAL R IR T LTS SRR e o

1 £ -€
z0 yo
{OTB]= 20 1 Cxo §
- -€ 1 %
_ yo X0 J

where the angles exo and eyo represent the misalignments in the outer

gimbal axis and Ezo is the error in the zero point f the outer gimbal

The transformation for the outer
before and will be designated as:

gimbal rota.ion o remains the same as

S B TR TR T M e e R, R A

{ coso sina 0

[O,T0]= =sind cosa O

0 0 1

by

| N |

: o The transformation from the outer gimhal to the inner gimbal pivot is:

. 1 Ezi -£

zi 1 Exi

yi
[Toel=|-€

Eyi “E 1

-
)
t|

I

] where &
- X

W TET

j represents the nonorthogonality of the inner and outer gim-

bal axes, Eyi is the error in the zero point of the inner gimbal axis

e R

and £ ,
zZi
gimbal,

represents an additional bias on the zero point of the outer

The transformation for the inner gimbal rotation B remains:

cosB O «s‘.infi’u_I

[I,TI]= 0 i 0

AR R S B e T ST e AT e e A AT S

sind 0 cosf3 |
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The transformation from the inner gimbal to the instrument is:

1 £ ~E
zp yp
[PTI']= _Ezp 1 E:xp
- 1
yP Xp

where Exp is the nonorthogonality of the optical and inner gimbal

axes, Eyp is an additional bias on the inner gimbal zero point and

Ezp represents a rotation about the optical axis which will have no

effect on the line of sight error.
line of sight expresse:
motions o and B is thus:

The actual unit vector along the
in base coordinates after arbitrary gimbal

~

where as before the transformation with reverse

d indices represents
Lae inverse of the direct transformation.

The total error in the
line of sight can be defined by a vector Eﬁagupb, the difference be-

tween the actual and desired lines of sight. The total angular error

Y
E 1s thus just the absolute value of €.

neglecting products of the Eij:

Expanding the above equation

cosasinf+(s

cosB~(ayi+€yp)sinB+(exosina-Eyocosa)sinB

Note that as expected szp does not appear in P, and further that the

zero point errors Eyi’e p and Ezo’ezi appear only in pairs, thus de-

fine:
[ éE +£

o zo zi

g ,+E
yi “yp
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where Co is the total zero point eir'or in the oute

r gimbal and Ci
is that for the inner gimbal. Thus,

eyocosB ] r;;osinBsina [ r € ;C08B3ing
pa=pb+ -ExosinB + cosinBcosa + —ExicosBcosa
fsxosina-eyocosa)sinﬁ ] 0 J 0

TT
(ticosacosﬂ expsina

+ cisinacosﬂ + -Ex cosQ

i -Qisinﬁ J 0

where the explicit vector
in line of sight due to ou

the base 3;, outer gimbal

components represent respectively the errors

ter gimbal axis misalignment with respect to
>

zero point error 2,» outer gimbal/inner

bal axis nonorthogonality ;;’ inner gimbal zero pPoint error ;i and

i° The mzgnitudes of

gim~
R ->
inner gimbal,/optical axis nonorthogonality n

these vectors represent the line of sight error due to each effect:

- 2,2 2 2 2..1/2
mo—[mo]=[(syo+exo)cos B+)Exosina~ey0cosa) sin 3]

2 2 2 2..1/2 ‘/ 2 2

= - < £ +£
[Exo+eyo (exocosa+eyosina) sin R] Veotto

+
= = <
2 ]zo] lCosinBL_lcol

no=lggl=]€xicosﬁlilsxi]

otz clearly a difficult task,

The worst cage con~
ceivable is that each individual error vector is

in the same direction
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and each attains {its maximum

examination of the equations
hound :

s clearly an impossible situation upon
» however, it leads t¢ an absolute

E<|7..To_l+r§°]+|';o|+|zi|+]zi|
or,

2
£< \/E§O+eyo+|€ol+|€xil+,Cil"‘laxpl

The pointing error can, however,
closely by noting that 36 and ;;

be bounded somewhat more

cannot attain their maxima
simultaneously, in fact:

> /.2, 2
]nol+lz°]=lCosin6|+lexicosBL§ Coteei

Thus, the line of sight error ¢ can be bounded as follows:

I |
2 2 \/2 2
e<\/el +e° + ;o+exi+|z_;1|+lexpl

X0 yo

Regardless of the
» the magnitude of gimbal
by a small amount to center

implementation of the fine pointing control
motion required to move the optical axis
a target is an item of interest.

The gimbal motions re

quired for an arbitrary change in the line
of esight can be determined

quite generally by considering the locus
of all possible unit vectors Py making an angle € with an arbitrary

line of sight vector p. In P coordinates

this locus can be expressed
in terms of a parameter Y waich is merely

the ccw rotation of the

po vector away from the szp Plane as shown in figure 7-4, In P

coordinates the general offset vector is thus:
sinEcosy

~

p°p= sinesiny

COSsE
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where the angle © ig specified and the parameter Y can vary from 0

to 2n.

wicii reference to figure 7~4,
€cosy is the change in the line of

it is evident that for € small,
sight in the Xp direction and

€siny is that in the Yp direction, Defining:

Then:

and the change iu the line
specifying the offsets pr

7.5.1 Gimbal Motions

xp

A
8 =esgi
yp 8 nY

2

V62 46

s A
§__=ecosy

2

Xp yp

=£

of sight can be alternatively defined by
and Gyp'

motions 60 and &Y required
we need to find the gimbal

Zp axis along pu. In base

cos (B+808)
Oob™ | 0
L—sin(6+68)
Alternatively,

0

1

0

sin(6+66)
0

cos {6+58)

coordinates

1

0

L0

of the 10G System ~ To define the gimbal
~ ~

to move the optical axis “rom p_ to po,

angles 9+60

and ¢+8¢ that will place the

the vector p0 ig:

0 0 "
cos($+8¢)  -sin(9+8d) | | o

sin(¢+3d) cos(¢+ﬁ¢) 1

pob can be expressed in terms of the preexisting gim-

bal angles 8 and 9 and the parameters & and Yy as:

cosf

Lo
1

ob 0

| -sind

0

1

0

sinb 1
0 0
cosﬂ_ [0

0

cosg

sing
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bquating the two expressions:

-

cosd 0  sind fl 0 0 9(éin€cosyq

0 1 0 0  cos¢ -sing l sinesiny | =
! : |
[:sine 0 cosGJ 0 sing cosd | COSsE J

.

cosb 0 sind cosdd 0 sindo ( 0

0 1 0 0 1 0

IACa St At DR R

=sin(¢+5¢)

~sin@ 0 cos8 l ~-sind@ 0 cosdo |

cos {9+3d)

M R
@]
il
1]
a3
[a]
[

O
-
r
=
1]
(a3
rt
i
N
]
tn
[ N
=]

volving 6 may be removed by premultiplying
> thus illustrating the independence

and 68 from the outer gimbal angle

ng by the inverse of the 36 matrix

.
3
}
i
3

9. Doing this and premultiplyi
gives:

FinECOSYcosﬁb-(sineaianin¢+cosEcos¢)sinﬁeﬁ { 0

sinesinycosd-cosesing = | —sin($P+59)

i
[

sinscosysin66+(sinesianin¢+cosEcos¢)cosGQJ L cos ($+5¢)

For an arbitrary angle £, this vector
_ for &6 by using the X components
: nents and checking with the 2 co
s trigonometric techniques,

equation may be solved first
» then for 6¢ by using the Y compo—
mponents, all by means of standard

24

However, since £ will in
use of the small angle approxi
and 8¢ will be bounded by € fo
be written as:

general be sufficiently small to allow
mations and since in this case both 58
r all ¢<w/2-g, the above equation can

3 rEcosY-63c05¢ 0
i€sinycosp-sing | = ~-s5ing~3¢cosd

L §8cosd J cosd-Sdpsing

: | 7-17
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from which the required motions are:

§¢=-eginy
: 56= Ecosx
i cosy

The denominator of the expression for &9 approaches 0 as ¢ approaches
4 /2, however, a physical stop will occur for an angle some degrees
3 less than u/2, thus the above expressions can be considered valid
: for any allowable gimbal angles 0 and ¢. The result could indeed
: have been inferred directly from figure 7-4.

7.5.2 Gimbal Motions of the Classical System - In a similar de-
velopment it is necessary to define the gimbal motions 8o and 8B re-

quired to move the line of sight from p to

P, for the classical gimbal

system. We require that the gimbal angles otda, B+8B will place the
line of sight along the Zp axis, or:

ST e A S TR R O

cos (0+8a) -sin(a+da) 0 cos (B+88) 0 sin(B+35R) 0

~

pob= sin(o+8a) cos (o+da) 0 0 1

s nOEA TR E ST TR R

0 0

EERSAE A Tl LT & bl

0 0 11 [-sin(B+6B) 0 cos(B+sB) | |1 |

I

Equating the two expressions for p after performing the second
ob

multiplication and separating the first matrix of the preceeding

equation:

LA 4 Lttt bl I L1 -L L L D PR e o)

cosc -sind O r cosB 0 sinf sinecosy

sing cosol 0 0 1 0 sinesiny | =

—

0 0 1 _—sinB 0 cosBj | cose

rcosa -sined 0| |cosSa =~sinda O | [sin(B+6R)

sina cost O] |sinda cosa O 0

Ao TR A S D TR A T DR R LT T e e

RN Lk

| o 0 1 0 0 1 | {cos(B+88)

3
:
]
;;:-
4
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Clearly, the o matrices may be removed (i,e., premultiply by [ITB])

and as might have been expected, the differential motions Ga and 6B

are independent of the outer gimbal angle o. Doing this and pre-
multiplying both sides by the 8o transformation inverse:

(sinccosYcosB+cosEsinB)coséa+sin€sin¥sinéa1 sin(f+488)
~-(sintcosycosf+cosesinB) sinda+sinesinScosdy | = 0
L -sinecosysinfi+cosecosB cos (B+58)

For any arbitrary angle £, this equation may be solved first for S8

as a function of B, € and the parameter Y using the Z components then
for 8a using the Y components, and checking with the remaining X compo-
nents, all by means of standard trigonometric techniques, In additien
it can be shown from the equation or directly from the geometry of the

problem that:

The solutions for §a and 88 can be greatly simplified by specifying
€ sufficiently small that sinextanexe, cosexl. 1In this case since
88<e, sindBz§R, cosdBIL:

(sinf-+ecosycosB)cosdatesinysinda sinf+5BcosB
:-(sinB+€cosYcosB)sin5a+€sinYcosﬁa = 0
L -ccosyYsinf+cosf d cosf-8Bsinfi

Equating the Z components:
dB=ecosy
Equating the Y components:

esinycoséo~(sinf+ecosycosB)sinda=0

Although 68 is always small when £ is small, 40 can be as large as

% when the ilnner gimbal angle is less than €, thus additional

simplification must proceed in stages. First, for B<e, the small
angle approximations can be used for B and:
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~1 €esin
Sa=Ez _Esiny
G=tan B+ecosy y Bt+ecos>0

£8iny B<e
mran—l _Esin
can Btecosy +nsgn{siny}, Btecos<0

For 3 greater than or equal £, 80 cannot exceed m/2, thus the principal
arc~tangent can hbe used and:

-1 gsin
So= —-_._L >
tan f+ecosy? 3*5

As B increases, the limit on sinéo decreases according, indeed for

sinB=15¢, sinﬁqi-%g and sindo=0a to three significant figures, thus:
£sin
= >
B+ecosy? B215e
Expressing B as ke, k>1, Sa=siny/(k+cosy) and for k greater than 60,
siny/k=siny/ (k+cosY) to three significant figures and:

Su= E228Y g>60c

Finally, as B increases to around 4 degrees, the denominator of the

above equation must be replaced by sinf in order to maintain three
significant figure accuracy:

o= Chnpns B2

7.6 Conclusions - Support frames are shown for the I0G experi-
ment mounting system and an alternate classical gimbal experiment
mounting system. Attachment of base mount to suppert frame and
frame to pallet is discussed for both systems,

Bounds are established for line of sight errors caused by an-
gular misalignments in the mounting systems. In both cases the
line of sight error bound is of the following form:

e<m _+ 'Zz+n2+Z +n
0 V o o i i

where m 1s the total (two axis) angular misalignment of the gimbal

bas: with respect to the pallet, Z0 and Zi are the bias errors of the
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. Zero points of the outer and inner gimbals, respectively,

and “o and

n, are the outer gimbal/inner gimbal and inner gimbal/optical axis

nonorthogonalities,

Differential gimbal motions required to

g through small angles 6 and §
: Xp YP
E are derived for both mounting arrangements.
g ferential motions 88 (outer gimbal) and 8¢ (i
: Oh=w=s
i yp
)
S0= —XP_
coso

For the classical system the motions
gimbal) are:

R C A L b bR L S e i I

move the optical axis

from an initial pointing direction

For the I0G the dif-
nner gimbal) are:

da (outer gimbal) and 88 {inner

8B=5,

; e

e=\/52 +52

- Xp yp

-1 _%p

: Sa=tan s , B+6xp>0

*P

5 Bse
a -1 3 .

: =tan v +ﬂ31n{6yp}, B+6xp<0

yp

S

E =tan BTG EEB‘(].SE
? 5

é' = E{%"- 15e<B<60e
: Al

§ Xp

3 8

Ei = -—IV-BB 60€<B<4°
: -

% §

? " sinB B4
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8. PALLET COMMON MODULE CONFIGURATION

8.1 Ueneral ~ This secction specifically deals with a pallet
common module developed from existing pallet segments and modified :
to incorporate those features required for a suspended experiment ‘
platform. The basic pallet segment is 3 meters in length with a
U-shaped cross section of typical aeronautical construction. Three
segments are interconnected forming a pallet. An integral pattern ;
of hard points are provided for mounting heavy experiments while :
lighter experiments can be mounted on inner floor panels and side
wall panels via inserts with self-locking threads.

A A Ramd e g

8.2 Summary - The pallet common module resulted from the in-
vestigations of sections 4, 5, and 6, plus the basic three segment
pallet. The suspension system, section 4, provides the necessary
in orbit isclation of the pallet from the orbiter. The retention
system, section 5, provides the support of the pallet to the or-
biter during launch and descent. The installation of the control
moment gyroscopes, section 6, provides the stabilization of the
suspended pallet to meet the various experiment requirements. The

pallet common module as shown in figure 8-1 incorporates these sys—
tems.

8.3 Discussion

8.3.1 Design Objectives - The pallet common module shall pro-
vide means of supporting various experiment arrangements. The pal-
let common module shall incorporate a suspension system capable of
supporting the pallet during in orbit data acquisition and will
isolate the pallet from orbiter vibrational disturbances., The pal-
let common module shall incorporate a retention system capable of
supporting the pallet during launch and descent, disengaging in
orbit to allow the pallet to float on the suspension system, The
pollet common module shall incorporate a control system capable of
s.abilizing the pallet to meet the various experiment requirements.

8.3.2 Suspension System Installation - The suspension sys‘em
installation as shown in figure 8-1 is based on the pas filled bellows
defined in section 4. Figure 8-2 defines the arrangement of the aft

left hand location; the three remaining locations have a gimilar
arrangement.

The space between the orbiter side beam and the pallet outer
panel is utilized to minimize structural modification. The orbiter
attachment fitting as shown is a detail, machined from aluminum plate;
the final design would depend upon the orbiter side bheam configura-
tion. The pallet attachment details are formed aluminum sheet metal

8-1
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channels. Thesc details stiffen the outer panel as required and can
be configured to span the distance between the pallet frames if re-
quired. The bellows support details are formed alumimum sheet metal
parts sized to provide reasonable stiffness. All assembly and in-
stallaticn hardware utilize screws, nutplates/inserts combinations.
The installation can be controlled with normal tolerances associated
with this type of construction.

8.3.3 Retention System Installation ~ The retention system in-
stallation as shown in figure 8-3 is based on the movable mounting
shaft configuration defined in section 5. Figure 8-3 defines the
arrangement of the aft right~hand location of the cargo bay main
longercn retention points and the low-.  centeriine retention point,

The pallet f:.ctings, machined parts, are similar to existing
fittings but reasuire a smooth bore for the movable mounting shafts
and drive mechanism motor actuator attachments. The various struts
from the pallet fittings to the pallet structure are either existing
Struts or new shorter struts derending upon final design. All assembly
and installation hardware to the pallet utilizes existing attachment
locations and bolts, nutplates/nuts combinations.

8.3.4 Control Moment Gyroscope Installation - The CMG instaila-
tion is based on the two support frame configurations defined in sec-
tion 6. Figure 8-1 shows the two support frames located on the end
pallets. Figure 8-4 shows the single support frame located on one
end of the pallet train. Both installations utilize bolts, through
the frames, engaging existing pallet hard points., Both :nstallations
show the versatility of integrating the CMGs to the pallet train.
Final location would depend upon payload integration requirements,

8.4 Pallet Modifications/Improvements - The pallet structure
must be modified to accept the suspension system. Actual modifica-
tion dependc upon the stiffness of the pallet outer panels. If the
pallet outer panels are of honeycomb construction with adequate attach-
ments to the pallet framework, modification requirements are merely
bonding threaded inserts into the panels. If the pallet outer panels
are aluminum sheet webs, modification requirements are based on
stiffening the wzb with the attachment channels spanning the dis-
tance between pallet frames. As indicated, major modifications are
not required and can be accomwplished with simple tools at the tiie
of installing the suspension system.

The existing pallet retention fittings can not be modified and
must be replaced with new fittings, Since the existing fittings are
probably forgings made from high strength materials replacement expense
would involve forging tooling and procurement lesd time, Therefore
a reasonable improvement would be to incorporate the recommended re-
tention system with movable mourting shafts on all pallets,
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8.5 Conclusion ~ The installation of the suspension system
requires simple pallet modifications which can be incorporated
during payload integration.

Incorporation of the recommended retention system will result
in lower program costs, as the retention system with movable mounting
shafts can accommodate missions with or without the suspension system.

g _‘ Since the installation of the CMGs utilizes existing pallet hard

points, pallet modifications are not required and payload experiment
arringements can be maximized,
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